


THE GENERATION 

AND 

UTILISATION OF COLD 


A (JLNLRAL DISCUSSION 




(Tontents. 

i>Ar.K 

GENERAL INTRODUCTION. Bj Prof. ALFRED W. PORTER, F.R.B. 139 

Part I. LABORKTORY METHODS OF LIQUEFACTION. 

On the Loweet Temperature yet Obtained By Prof, Dr. H. KAMERLINOH ONNE8 145 
Apparatus and Methods In the Leiden Cryogenic Laboratory. By Dr. C. A. 

CROMMELIN ... 179 

Ethyl Chloride. By Prof. C. F. JEMKIM ... 197 

DISCUSSION : Prof C V Jen;(tn, Dr C A Crommelin Dr. M. W. Travers, 

Dr J. A. Marker. Prof. A. W. Porter. Prof. H Kamerlingh Onnes ... 199 

Part II. INDUSTRIAL METHODS OF LIQUEFACTION AND 
PRACTICAL APPLICATIONS OF LOW TEMPERATURES. 

A General Survey of the Subject By K S. MURRAY 205 

The Manufacture of Hydrogen by the Partial Liquefaction of Water Gas. and 

Coke Over Gas. By GEORGES CLAUDE ... 219 

The Production of Liquid Oxygen for use on Aircraft By EDGAR A. GRIFFITHS 224 
The Hcylancit Liquid Air Plant. By A. J. BREMNER 240 

Thcrniofnetiic Lag with especial reference to Coid Storage Practice. By EZER 

GRIFFITHS and J. H. AWBERY ... 343 

tome Materials of Low Thermal Conductivity. By EZER GRIFFITHS ... 852 

The Metallurgical Aspect of the Production of Cold. By COSMO JOHNS ... 850 

A Note (I! the Importance of the Study of the Crystal Structure and Properties 

of Metals at Low Temperatures. By COSMO JOHNS 868 

DISCUSSION. Mr. C. R. Darling, Dr. J A Marker, Dr. M. W. Travers, Mr. H. 

Brier. Dr E B Maxted, Prof. C F. Jenhin, Mr. A 0. Tarrant. Mr. L. D, 
Goldsmith, Hr Edgar Griffiths, Or. Ezer Griffiths. Hr. James Swinburne, 

Mr Cosmo Johns, Dr. Richard Linde, Hr. K. S Murray. N. Georges Claude 264 




Reprinted from the Transacihms of i he Faradav Soeii>ty\ No. 
Vol. XVllJ., I\irt 2, J)t‘cember, 1922. 


THE GENERATION AND UTILISATION OF COLD. 


I CIS.X/.K.H, 


A Til \i;ral r<-s|. on “ riiK (iKXi'KATiox A\n L-tii.i^\- 
TD»\ '*! C uL!> ” wa-:; Pic'cl joiiiilv b>- 'I'hc haracLy Society and 'i'ho 
l?ritis!i C and lee Association on Moiichu', October lotli, 

1 ; 'I'M/ li.dl of ilu* lustilut io'i of ICicntrical iLiij^incers. Victoria 
jMnbaniviii! Ill, Loiulon 1 lu* niectiuy c<nisisted of the fbllowini^ 
three ^e snMi.-s : 

- l-i? . presided u\cv i)y Professor Alfred W. 

P(»rier, D.Sc., F.R.S., F.lnsl-pT, l*residenl of the h'araday 

So( lel w 

Ml t. • 0.1;, p.ni. ; j. resided o\ cr In Mr. (jeorjfe Goodsir, 

J.P. . Preside!!! of flu* lUitish L'uld Storage and 

let' 'o S' K I at ion. 

7.45 to ;;o p.in. ; presided t)ver by /V\r. Janus Swiyburne, 
F.R.S., M.Inst.C.E., F.lnst.P., Past President* of The 

Faraday Society. 

Diiriny th.e intervals demonslralions were i^ivcn by Messrs. 
la'(|iiid Air (laiiiileiiy 

riic subject was treated under two headinj^s : — 

137 


10 



rni: (^enkration and utiijsation of coed 


1 3 ^^ 

(i) Laboratory Ajelhods of Liquefaction. 

(ii) Industrial Methods of Tdquefaction and Tractical Applica- 

tions of r.ow Temperatures. 

Professor Alfred W. Porter i>pened the jirocecdinfjs with the 
roilowin^ general introduction. 



I’lli: ('J-MCKA'I'IDN AM) rillJSXI'JON OK OOlJ ). 

- / CENER. I / /)/S( '( SS/nx. 

l‘i;i 'iiuA j '.i 'I IN |■‘\k\l)\^ S(Kii,r\, 
AiiiJii W. l‘(tr'»Li: D.Sr.. I-.R.S., I 

\\ r Imn'- nu t ) !»> <•:*.( ;},f ' juc'nliojk (i1 tlu* jn'otliictif)!! and 

..dli'.alion <»l roiii. I’Ki, js ihr dr‘t - ••rond (I* nri.d l)i\(‘ij''>if)n whicli has 
brrn :irran|^t<l ihi- an>-|ji( <»i llu* I'ar.id.iy S'^iiU, ofirn in con- 

junction witli <<lhcrs. On ihi^. (jrj.iNion wc Imn«‘ iatcd with tlic 
l-lfitish Cold Sto!.ij;r ami J< c *\wuiaiion, and .n- Ih*< *.i(lLni of the lanadii) 
S()cii ly J \\<'l(cjiii<- it' nicinlx r, tt) oiii incfiin^. 

W'r had looked l'-’'Aard t«> haxiiui uith its I*rcdi»or Kaniriliiyuh ()nnu> 
.ind l*ioU""^o' |. i‘. Kn< !ici; ut 1 ,e\ k ti. On r\<- of l ) k- t «jmpK lion of 
l!if aiTani;enu'ni- lui t'u nioLiuya, ho\\e\er, s.'anct.' snih led a i^n-at lo^s 
l)\ llu' sudden and urn Npictcd death of l’n>fi ^M>r Kutnen. 

He was Well knowji lo many m I-ai^land. .nul tiuaetor*. his lc>.ss is the 
mon- personal. 1 renKtifhe^’ liiin w!ien he worked iif l/niversilv (’olle;^e 
with Sir Wilh.iiii Rani^aN. lie was afte»\\.inK cippointi’d to he* Ih'ofessoi 
of l*h\sics al Itiindee Ih’.. » ei , .:nd in da -e ^''nmclions he made man\ 
liunds in I’nuland. Hi- wa^^ he'^l km>wn ‘-' k ntifu ally for his woik on 
liinaia nii\»ine'> ol 'aiiiid'- and c.ipom . lie w.e t.ikins; an .ative mU'iesl 
Im die prep.ir.ilu.ns i'oi this ith etiii^a when hi' unuin h death occurred. 
I’loli-'Ci)! Onne-', (»win^ to dihcaU- he.dth, n. also |i»e\; 'jied liiwii (’f)iiiinLt. 

'I'iie ilulv of lepresenlinn die L.-\ deii Orv oj^enie i.aiioiatoix has thiaefoie 
filien iifiun I’lolessoi ( roinniehn vhom we are dchi;hU‘d and honoured 
in weliomiiiL; heie. M. (h-oim-s ( 'laiide of w..-^ .»!so expiated, but 

Is iina.ble to In- pi'i '^eni. Ileha''. iioweMji, m ni a oomniimic'alion wiiich 
Is in piiiU and tliis will lie lead foi nim. 

I'iiis is not liie ]>I;iee lo jjo into di t.ul in re^anl to the [>iineiple.s of 
inechanieal leiVi: ei.nion. I’lu \ ,«n all based ii[)cxi the fundamental fact 
that In al will not 11<'W spool nn oiisly horn a cold lo a •hot bod\ ; tlie 
tran.sleieme ean 1 k' i llei ics) onl\ b\ die p«*ili^rman( e of rneeltanical 
work. 'The nn/'^l llu-ori tic .ilh [a rfiei wav ol doinp; this is bv a eonfcivani'e 
whicii p.issf-. the workinj;, suosi.inee thiouj^ii a iiwen-ovl I 'arnot iweii* oj 
changes. In .sii'-h .1 e\ele tin h.-at l^). can be lemoved from a. rt'i'riffeiated 
maliiial at lemperaluie 'Lb, and die amount (^), passed out of the s\stcm 
into a condenser al a hie, her tempeiaiuie I, h.- ihe*aid of ihe work,*v\’, 
leijiiired to effiet the' eiian^es, winu* 

0 _ ( ). = \V, 

». I * - ’ 
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I'HK IU'AM: RATION AND V17LISATT0N Ol' COIJ) 


Sf> ihni llic nl' performan<'o 

(U _ Q.. ^ 

W - O. - (J, T, 

N'.ikic of thr roffh»-ic*iil (if jrcifornianci' r piv-^onl.s, howi vt'r, llii* uii* 
iiliain.ililc liinil : ]i!\u-ii(.c\ ovcii il liu* C’arnol c^clc i.s aimed al, ad- 

dilioJial \Nork ha.s to Ik- dont- owing lo frietional and oilier lo-'Ses and die 
e.-el'in iL'nl of ])ei foi inanee i< always n-dueed tlu’ii'ln. 

The ('arnol evele re([iiires that llie eoin|)re‘'*'i(»n and expansion shall 
jilaee in a eNliiuU i in iiuieh the same wa\ as*in a steam engini* . 
I <111 in the re\er.si‘il sense. In nut iianieal lelVigera'.ion it is found lo he 
leoit eiMuenient l(j leplatx- the e\ liii'ier «. xp.'Osain Iv, i xpansion tlirough 
a linutlle or \al\e. In this expansion less i xU rnal \\<>ik is done hy the 
s'.siein than in e\lindei e\])ansion, and iheu-toi/ to i iu-er the saim* ehange 
in other ivs]ieets ilua-e is a gn-aler call I'M* sujvjih ol external woik troin 
olst. wluTi'. 11 du j>i\sv.iiri and \f>hnrn ehaiigi Irom and to/.^and v”, 
in the exp.indon du '\oik doiu- is onlv /».7’. /’i"',- wheie.is in a e\lindei' 

^ xpansion it would l*ia\e lu en | A/r. 

The dilVereiKv' is 



V]’.. I. 


I ais a< ' iistf Jiiii d !•» />><■ I'l n.nii' • ’nrl ;o dns worl- liial tails to 
h' ■ s ic ; 1 i ‘ i.s, 

W'i'k .a'^nalh doia -I- s^nk ---- dr;; .aie.hl 1 m\c hren dour. 

'I'h' 'OIm;!''' '-h ’r.u teiisiu ol tlr t \p ei n tii" aiali i tin i -nir r dial 
, iii!( rn.d ene.'g) -r /t' - < onsi.ml, 

or I’i -r /t' -- < Ol .sir ni 

'I’lu • !U,):'d;' I" -I-/'." i • hat >' usual:' ki.i'wn in Jaigiaod a** 'I'otal 

Ural Ol Ih.ii ( onteet". 1 suliniii that lh*-v nar.u- ..n* :ioi .salistadoiy, 
tl'.^' <iiiantw\ R i»i >1 iu-at in geiu-ial : and the j)Jesei««x lien* ot 
a nienn.r; of the 1 ,..lior.il« a •, rinoiirag'"- nu lo pn-s llu el .im.'j 

ol till n.ime piojuiu'd :a kamnlingh (>nius, 77':.. Iv’.t'ialp\ — .t name 
whi<i- ! h;oe ns(‘d lor s<nu- }eai • Wr i an dt iiot<‘ il hi II, whieli can 
siaji.' (‘itliet for e.ipi’.d h llleat ' ’ontents) 01 foi timk Lll-aUhalp)) al 
tlu opiioi ol ilie o-.id--* 

I'ha oetlau s(.;liv-ui(. Ill ,1 ('(), or Nil marhine is as st-en ui the 
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Mr 

di:Lgnini. I lu* fluid krpt t.‘ircul.itiiii: i>y a coiiiMrissoT pum}). I'ln- 

('\|i;msioii ii) the; llirottlc is fVi)ni C ii> 1 ). TIk* ciUhalpy docs not r haii^c 
ill lliis c\|).iiisio?i ; neither d(H•‘^ it ciian^i.- in .'my comjfljac cycle. \\f 
<‘m write diiwn the I'ollow^inn spc' iric.itioii of the \arif»iis cli.in^c-^ : - 

WI'I’II TUKOiTM. i: 'lV\:s'M()N. 


f.iih. 

1 h'*)T;e f»l 1 .ii'^iaii . 1 

1 

i !• .i: I la: \ . 

!!■ s. 

Ali 

‘1r»- 'U i 

1 i 

Lyliiitlcr ujiii j>rt 

liC 

"c ■ ' 


Oil, laiil ]Mk.^s'iU' . 'hi.",. 

CI> 

o 1 

\ 

'1 la »tllt (•' p ci^s. 1 . I'l /ii itii ), 

JI'V 

!'.x j 

"a 

!!el! .it:n 4 • . • Li ^ ■ 


• 



llene. 

•. I'ol-il k il')lic nil 

s\ leni -- 

l\)t.d beat entia 


= ■ i!.\ 

4 - !!„ - 

H<. + 11,1 


- Hn 

- H\ 'p< 

< au e 1 1*^ — lip- 


1 tic iicMt rv iii‘>\cd 1.01. i the iv'fri^cMlcd iihil.'iial .it tin.- 1 ,u Lcmp^ratiiie 
i. il V - ilp. W '•Ml tin •‘•»*-lii'Mciu <)l pcrtornian* ^ 

II.V - Iln 

II,. - II v' 

\\ nil c\ lindcr » \p.in'H »n die d.it.i ai* • - 

wiiii cvi ]:\]»A\si()N. 



l har,'«' 1 ! til 

1 nll,.rii-, 


\i; 

”l'. 

! 1 ^ 0 

CnHsuIct 0 »ni}»rt*sy,ii Ml (carisl. t;iitu>p\ ). 

\ k : 

''1. 

II,.. H, - fl,, 

Curl-.!, press, 


"n., 

1: . 0 

fMsiMsi.iii Liiirvijw ). 

lb 


Hp., < 

r,V_. Rcnn^er.itisii; fv.ipdi.itioii. 

riu . 

1 iii'riiiii'iii 

ol pc’ lorni.iiKv i-' . 



_ Ha - Hp.. 

W ■“ III; - Ha : Hn, Up’ 

ln'oisc IIp|]> H p, and iliix . NpiC'siitn i», i^^rc.itcr than lor 

liimUlc I \]r'n•^lon. I he adoption o»'lln’ iail-‘i is L;o\erned by convenience. 
] l'a\c .L;iNen these rcaiits !.> sh<n\ the inipertan. e c.f i‘nlh.ilpv*in dealinj.', 
^\it!l rel’i iteration problems. 

I'bioitli' expulsion js atlupled toi toiutniencc, i>ui it is well known 
liial at siiriieu ntb iiij;h leinpei.iUires it |)r<Kluccs hcatinj; instead of cooiin;^. 
This is so toi li\ilioL;en ano ludiuni ;il inoderalc presjfines at o?dinarv 
lempeiatiiTcs. In such casts pie-i-noliiii; is neccssaiy. In the followiiii^ 
at:eonnl wi‘ will supjiose that the flow is siricll) adiabatic. 1 wish to 
einphasist*, w !iai is not so i^cner.dl) known, that there 's in most castis, 
.ind prob:.bl\ in all ea.ses, alst) a mitiimum temperature at which coolin^^ 
lakes pkice. Such a [loinl has aheady been e\penmL-ntally detenniiii .l 
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for CO^ b) LVoE'.ssoi-s Jcnkin and I’yoJ 'J’lu* position found directly 
lay between - 207” and — 31'' (\ Hy ph^itinj; iheir data for volume 
and temperature J ealeiilaled in 1913^' that its value must lie at a 

temperaluie not mueh removed from - 24' V. when the pressure is 

about half the eritit'al. 'This result is remarkable, not only owing to 
its be.iring ujion the possible use of a ihrolile at low tempera luri'^s but 

also bec'ausr it sho\\s that iiqnid ('()., is, in this legion, behaving very 

?iearl\ as a jierfeel ga^- -ii.s volume being nearly projuulional to the 
absolute lemperalure. 

Moreo\erj .1 hail |)ie\iou*'!y shown" lha.i all the well-known etjualions 
of stale eoiK’ur in indicating that siieh jioinis shouUr exist. Tlu* eon- 
elusioiis to be deri\ed fn^u die \arious eipiaiions aie that at any one 
pressure the *. are two unirsinn te!n))e!ature^ if an)’ .it all; but that aboxe 
a eert.iin ji ■•^suie heating in jus-.ing through a thioide is the univ* i'.;'l 
iiile at all leinper.ilines. I'hc'.i ie‘*ii!ls ari slufwn in I'lg. j on whieli 



Turve \. 
„ H. 

C. 

t> It ft 


van tier W.r’.K. 

Dictciitj (nuKlUieclj. 

ClaiKius, 

hnersinij |M.inu lor Nit'.t-rrn \ 


, C > I 


Jtotn ivjici Mui-ni. 


the ordinates ate reiha'eii lemp- rature - .nnl iIm- issa' .in- lediiecd 
pressures, 'riii- « utvis -hown lepn^-nl Jh*- boi'no.- ;, Iirtveen tiie healing 
and cooling regions mi .'.nious as iiiup-ioMs and trnin « >peiii)ii-ni. 'I iie 
f-hange of pri-.^Mre >n g<'ing through the tnrollle is '',pp^i^ed to be -^iiiail. 
f'urNe A :> a< cording to \an dt i W’.uds' eiju.itnin (»r -^late. It would 
indicate tiial foi» a p-.e'airi- giealei than nine linn - the 1 lineal tlie ga . 
would undergo hi- . ting at all teuijiei.iluris , :ds(» dial jut .i nchwi-d 
piessun ^of 5 (foi (•vainple,‘ the gas ..ould ( ooi .//t.'y if ilie leinp. latuie 
l.jy between 5 '.j .-'U.d i '3 niuei the erilieal. It do'- n**! appeal ihat aiVs 
'.iibslani K rnlh)W’.s van der Wa.iK' efpi.PiuM liowi \r'. 
taarve (' !s. aceordnig tf) ( ’lausius' e'juil'on. 


; •- d- 



i) - Sy. 


' /V///. Traill, ^ I p A, \c> 

' l*ro( . Jioy. Soi'., A. bX.\.\tX., ^77. 
/V/i/. M.'ttj.j April, lyoti, June, igin 
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whtTc (Ly fiy y MR: the reduced j)r(^ssure, volume and tempc'rature respectively. 
Curve* J 1 is, according to Dieterici’s form of eejuation, modified as regards 
the power f)f y in the index as follows: — 



rV:^. 


)'■ 


wlieie // is taken as 5/^^. On the same curve are shown inversion points 
for nitrogen (crosst-s) and for carhon dio\id<‘ (small cin-les) obtained 
from Amagal’s tlata of r*, 'I' for these gase.^ I>\ making use of the 
fact that at an •inversion temperaiiire (at vvhi(‘h heating changes to 
i'y* 

cooling 01 rv(f' 7 'rrMi) 'T - . == O, Tlu-^t expel imenlal v'alues lie 


/•/•', A>*/i’ (>// i/h r/'rr^ caftn/aitil /mm n/vicrici' s ft/tut/iofi 7vit/t its 
mot/ijii-J <«>i»liiig jral healing ngions for lliest* real cast:s 

au lain lied in llu diagiam. 'rh.‘>e rc^ult*^ < »m he trusted lor ])oints above 
ihe irilical poini. Ins: los lo\\t.i tmnp<‘r.itiir» s anti iiigli [)n*ssures, Dieterici's 
|iiali(»:i i^ nol valid. 

It will b( perfet.IlN cUvii from Ihe above that no sia li law as the 
inver.se v|iiare lem| »'(\ilure law fa the cooling coeffirieiU can |K>ssibly 
vahtl ill genen.i. Tlu- true law m*o t'hangr sign twict* or nol at .all. 
riu'.e laets m,e no! have aiiv importance in ('onneclion with food re- 
rriL'c'aluiii, bet ill . i'i<- woiKsng sulisi.antes selected will jilwavs he such 
.i>al oidinai', temp atuie*' arc eilhei below or at Uxist in the neighbour- 
hood oC tin ii triii'Mt leuipeMtuie, : but thev do iiiifiose a limit to the 
ln\\e>i t' lnpevaiure attain, ible b\ thiollle v*\pansion. 

\ i.iriln 1 wiiid <ii explanation m.iv Ik* useful. 'The fall of lempeiature 
hi l.maile e\pan.a>).’ i-, to }••• »eckoncd bi'tween any two points (one on 
• ill 'ide n| (la ) c. whii'h llu velo'-il\ of dow i- small. In t!u* 

valve itscli v« e. ha ls velocnli-^ ma\ lu- reaelsed, and since a 
con-.idriable .enoiaii oi • nergv is tin n pie.sent a. kiiieilc energv the 
lei »p< .. 'title iiiav Tali lu : 'tc i/irot/It bel«»,\ ila linal ’emperature. Ordin.iry 
hv d-nds Mamie . '^hovv>. dial il iheie weie no fiiction m the gas the vjuantity 


'/p would In i ia:is|o! iiK d ini«» kinetic ciieigv. ultimately being le- 


.idoiiiud as I'M iia''s..ge g< h, vvidci and the kiiu lir em rgy disapfieais. 
In Ine at Inal ihiid, I'iclion is luvi-i .ibsv’:it.^aiHl is contmuallv generating 
heal ..I ihf ixpena- «»!' tile kiiu ta v netgv . and liie leiuperaturv: rvrn /// 
in Vi ! hlb as low as it otherwise would. 'I'here may lie 
I omit II -aii. Jii intii tin hi|m<i 01 ev^n i!u- -.olid p!i.i.-.c in tlic- nanows, but 
•ink die litjii tl o: oii-l (,1:1 be n.ij»()eil it will pass on with the ciirieiil 
a^ .1 'lusi .1, ‘i.i, a. '.Inalh ihcliing In ilie tmilon it experiences until 
ill the uidi. paii ‘»l ilie passag-- it wii! have .1 umpeiaiiue gre.tliT vir 
less liian at .-lait a^ :.»dicated in the abtivi con.sideiations and shown in 




PART I. — LABORATORY METHODS OF LIQUEFACTION. 


On the lowest temperature yet obtained 

BY 

Prof. Dr. H. KAMBRLINGH ONNBS. 


Mr. rrosi(I<ni1 and Moiiibcrs of tin* Faraday Society and the 
British Cold Storag<* and Ic§ ** Asstudation. It is with deep sorrow 
that 1 brinj>: to riniiembrainM' hurt* the threat loss science has 
suffei-ed hy ibe death of ni\ dear friend ai\d colleague Prof. 
Kuenkn, a inn It'ss heavy ])»M*sonal loss for myself. On account 
of liis many-sided work in ex]K‘riinental and theoi'etieal thermo- 
dynamics, Pi'oi*. KriiNKN was Ingiily interested in the present 
im'cting. His iiin>t In-anti fnl >\(n*k, such as the discovery of 
relrogi’ade coiidi-nsal ion, lies in tin* domain of tlie ecinilibrium 
of tlie liijiiid and gaseous ])liases in w mixtures of gases 
scjmi’ate. Tin- part In- would haw laken in tin* discussion on 
indnsti’ial proerssrs dealing with such niixtur'es would surely 
have been an impoi-tani one. In the mc-antime be looketl forward 
with great sympathy to my having the hononi- to address you. 
If it should prove that 1 eould not reail my paper personally 
he promised to do .so. 'Phe ilav In-fore iiis iiiH*xi>ected death 
I saw him hright and in full vigour and it is a deep sorrow 
now to reim-mlier that the happy eouversalion we had the last 
hour we spent together had its starting [)oinl in arrangements 
for the pi'esent disenssion, 

§ 1. Introduction. — When we approacli tin- disenssion of 

generation and utilisation of cold from the point*of view of the 
application of liquefied gases in scientific lahoj*atorics agd leave 
aside the .study of tiie projierties of matter at low temperatures, 
including the prineiiiles of thermometry in tliis domaifi. there 
are two points wliieh come to the fi’ont. Th# first is to eoiisl^ruct 
appliances whicli allow the making of measurements over all 
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llic ran"o (»]' loiiijH'raliiros that havt* larcMiio ac'orssiblo. The 
second to descend to a lower teni])(‘j'atifrc‘ than hithorlo lias 
been doiu*. 

As to the first point the ])aj)er of Dr. ( fives' a •full 
d(‘seription of the (‘({iiipinent of the Leiden <'rvo^(‘nie labf)ratory. 
'I'ho paj)er is in \nnr han<ls, so I havi‘ not to dwt*ll on tlie 

<letails of this i(jni])nu-nt. I>u1 I I)o]k' to J)e alh>wt*d to 
eni]>]iasize that the true eluii-aetm-ist i(* of tin* LeidcMi la]>oratory 
is to be foinnl in its havin«»‘ a staff aiul a body of helj)ers as 
could onlv ]»e rnrijied in the loim run of linic. I’v eonstant 
conlael with ]>recision researeli in <lifferent depart tn<‘n1s of 
exjK'riinental physics, as as with th<‘ hisiuricaJ development 

of the means t<» carry (oei* these jesea relies tt» al\\a\s lower 
ranges of t<‘iiiperaturc. this staff tia^ become the possessor 

of traditions whicli allow of the at»]>il<'alioii of all experieiu'c 
a'ained in masterintr the successi\e ei*\ni»(nic difficultic's to th<‘ 
atta<d\ of new pt'obhsns of most xarieil kimls. In this way the 
lalioralory witii its staff I’i'aiises in fact what has hecmiie mori* 
and n.jre an iiibu-i ational desidt rat 'im of Nei. iier, StdeiuM* 

asks now' in many <l<*par:ments fei 'Npeeialisat imi. An in- 

vestij»’aTor woi kiiiii in a special lim* and d« siriniLi t(» do any 

of his e\]M I’iments ai low temperatures, s;)\ r;i tiiosi- obtainabh' 
with li(piid hydros, <n. •‘.'ill evideiiMy find i»aiii if in ar- 

ranji’in^' his special apparatus for work ai these temperatures 
he can disp<is<- (U* t!'e lu'lp «>f a will irain»‘d staff to make lids 
arran^<‘ment as efficient as possible. And when he has to 
l>erff)rni wit!- this apparatus i .\p<n’imi !iis hieli ufier many 
difficulties ill 1 iiemsil ves.*t he In-lp of this staff will allow him 
to concentrate all his atti-ntiou on :ln- e'.p- rin.mis, the mani- 
])ulation wn h h\ drou'-i. «;'oiiii! on o in sax as if with walin'. 

Tlio nurid) v of jn'olifems in l»e triaf‘*d in lids manner is 
increasing ex cry day. 

As T decided so..ie 40 years aj^o to niiderlake work at low 
Tenij)ci»'it ui'es. nf <‘:inrse I had the '•(mxiction that it would y;ivc 
residt^ of valin* for onr nndei-s1andiii<»: of the propei-ties of 
matter, l^nl the extension and iniporlaiiee \i j)i(*h tin* work in 
tldjf direction lias at^aiued. Inc widely snt'passid anx ant i(d])aticnL 
of iniiic. Dnrinjr the time that modorati- ijiiantilies of liquid 
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ah* had Ix'^inno availahlo for llu* rxporinioots wln**li first orrupicd 
ijiy tnind. 1h(‘ iiorossity of some liino making: incasui-couMits 
'with liijiiid hydrogen iiiado itsolf foil. IV*for(‘ hydrofoil was 
li(nr«‘fiod. lioliiMM was disoovt'i-otl, snl)sla»t(*o afterwards 

])roved to extend eiiornioiisly the domain opened by liytlrogeii. 
And aj*ain, iiefoi-e helinni was liipiefied I Ik* diseov(‘ry of 
Planok's ({uankim lent a totally new aspecd to low t e)ii]>era1in*cj 
work. After the li<iuefaetion of lielinm snptM*eondneti\ ity added 
an entirely unexpeet('<l fi(*ld f)f re‘sear<'h. llic're is an e\er iii- 
(‘reasinji’ nnmher of^prolilenis r«‘(juiriiij; work sueli as can bo 
doin' in tin- Leiden laiioratory. While on (he one hand I shall 
slmrlly ha\e the i^real sal islaetion l(» lx* able to W(‘leome the 
’'■rnpiefyiiijL'' of iM'liiim in ih‘\\ ly started ei'yojrenie lalmraturies, 
on the other hand tin* jnt<*rnalional interest of the Leiden 
laboratory eoiitinniiiu its hi-Hlorieal liin- of research be<*omes 
tin more promiiieiil. 

'Phere is one !e-oh|em ill thi^ line w hieh, as I said before, eouics 
natnralls to the front in tin* <lis<'nssion of to-day. It is the 
extension to lower t<‘mperal nres i>f the rano<* in whieli 
researches can be i-arrieil out. And so 1 bejr to lie allowed to oive 
a ju'eliminary acoount of ••xperimeiits leadiinr to the realisation 
of the lowest temperature yet attaineil. 

$ ‘J. First experiments. As soon as the efforts to rnpiefy 
helinm Imd sme«<’do<|, it was of eonrse in\esiioated whether it 
eon: * be solidified also. This was even t7*ied on the .same day on 
w hieh helium had for tin* first time hei'ii seen as a liipiid. Tlio 
mellio<l used was that of evainnat ioiT niidei* rednee<l ]n*essure. 
Liji'. I sho\\s diaoraiiMjiatically tiie apparatus iii whieh for the 
first lime Ji<juid helium has been seen and tin* eii’eulation 
ai)|)ara1us that served to obtain it. After havin^J: l>e(‘n preli- 
miiiaiily eoidod in an appi-opriate way the coiiijiressed InOinni 
passi's Ihrouj'h the sj)i?*al in tlie refrigerator in which it is 
emiled down to llu* lem|)eratnre of the liydro'ren evaporal injjc at 
the air jiump. llaviiiL*: been redii<*e<l to tliis extreim;!^- low 
temperature it enters the reji’eneratoi'-spirab tlie end of Avhieh 
is jirovided with a Jioz/h*. !fer<* it expainls: i>ai*t oT it li(iuefios 
h^- the Li\i>i:-proeess and the vapour returns between llio 
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coils of the rcgcnoralor-spiral, the e«eaping helium vapour being 
received in a gasholder and being compressed again by the 
pumps. The li(|uiil lieliuui collects at the bottom of the vacuum- 
glass of the Jiqueficr, where its accumulation can be secn:1he 
bottom j>aii, of the liMuefier glass was uiisilvered; the surj*oun- 
diiig vacuum glasses, the first one containing liquid hydrogen, 
the second ojie liquid air, were also traus]>aren1. /Plie glass Avith 
liquid air was protected against emidensation of nu>is1urc from 
the air by a glass in Avliich alcohol. hc])1 at atmosi>hcric 



Fig. 1. 


tenipcraturo, eirculalcd. Ai th** beginning of llu: experiment 
that was intended 1t> j)rodiicc refrigeration b\ evajioralion of 
the liquid itself, llic nozzh' A^as closed aiid the piim]>s w(‘re ])ut 
out of action. The vapour eniaiialing from the helium at the 
bottoiT^ part of tin* glass of the liciuefier ]»assed under atmos- 
pheric pressure to the gasholder. The helium was .seen boiling 
quietly. * 

111 order to follow the <*vaporatiou of helium at rediieQd 
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pressure, it was only necessary to close the eonncclion to the 
frasholdcr and to piff into action the eojnpressors now acting 
a-, vacimni pumps. The capacity of tlic f)uinps appeared to 
bo'giVat enough to lomove tlie vapour so quickly that the 
tcTnpcraturc decreased considerably and, when their action was 
supported ])y a powerful vacuum pump, it was found that the 
))ressur(; could.decreas<; even In one <*eijlitiicf re, the helium still 
not erasing to he a lifjiiid. 

At Ihiit lime it was not possible In go further, as only an 
ext(‘nif)r)rized .eonn(*ylion to the said powerful vaeuuni pump 
(Miuld be established. Jn 1909 the ex]»erim(‘nt was repeated 
after proper preparat i(Mi to iliis end: tlie |»ump mentioned, 
a JJuuKii Mi’ii'i' pump with a capaeity of oOO ]\1'\ per liour, could 
<lcvelop its full power. Then it appeared that, even when the 
pressure d<'(‘r<*as('d to tuo mms.. the lic^lium did not become 
solid. 'J’hough, at this low Ic'mperature, the liquid lost its 
]>eeuliaiaty of Inving its surface stamling sharjily defined, like 
the edge of a kiiilc. against the wall and now slK>w(‘d the (H’dinary 
])roj)er1i<*s (d* capillarity, yet its striking mobility remained. 

Willi regal'd to the obtaining of solid lielium, tliis result 
was disa])i)ointing. iro\ve\er, it appenret] from this result 
that the. ngioii of tem])cra1ures in which th«‘ properties 
of substances could be iiivesligali'd by nu'aiis of baths of 
liquid helium extended fartlier than miglit Jiave been hoped 
for by analogy with the other gases of low critical tempe- 
rature, and so far the i-esull was gi-alifying. For it i.s very 
difficult to obtain by means of some defijiite substance constant 
and homogeneous lemjx ralures bclow^tlie melting point of that 
substaji(*(*. AVith InOiiun tlie difficulties w'ould be so great that 
the tcnii)erat,nre of solidification might be considered a limit, 
below which it could not be usefully enqiloyed. Therefore in 
absmice of a Jiiore Aolal.ile substance a limit would licrc have 
been put to science. Each time, wdicii with further lowering 
of the vapour pres.surc it is found that the helium femains 
liquid, this failure with regard to the solidification of Ju'lium 
means a gain; a mnv region of temperature, which on account 
of its extreme situation is especially importaAit, has 4 )rovcd tO be 
accessible to us. 
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§ Improvements in the helium-cryostat and cycle*). — 
Happily il lias hvvn possihlt* l<i oblaiii a ('oiisich’ralily loAvor 
IcMiiporaturo Ilian has bocn moiitioiieO above and we have 
arriA'ed near llu* point, at wliieli the low density oi‘ the vapours 
briiifrs in a new limit, below wirn'h we I'ainiot deseeiid. To day 
1 will deal with the oxperinients h\ w hieh this Jow(‘rinpr of the 
hnown limit of the liquid eondilion of lM‘liiim has heen olitaiiu'd. 
This atlvaiKT, hoAvev<'r, has <rone on ^n’uduallx hand in hand 
w'ith tin* regular tUvelopmonls of the lahoratmy and the last 
steps have only b(‘(‘n possible* ahe*!- considerabh* improve'iiioiit 
in various dir‘(*etions of the apjiliain'es for reseai*eh in tlni 
rejiion of In'lium temp(*rat ures. An im|>ortan1 ini provi*ment was 
obtained when we sin'eecded in I ransb‘rrin<r the liepiiel helium 
from the ap])aralus in whieh it had been liquefied to a <*ryostab 
in whieh like other liquefied uases il ean serve as a halh fin- 
definite teinjiera lures in the ordinarx wax. 'I'he (-r-xostal T is 
still elo.sely (‘oniieeted to 1 he liqnefiei* leuinp. fi**. - i hut tin* room 
in tin e?*yos<at llial is r vaiiahle for eNpi riinent'. is now no ImiLrer 
hloeked at the top hy the reu’i jnM*aioi‘-spira I as in the first appara' 
tus. The iHS'cssary applianei's ean Im- hronjilit freelx fi-mn tlie to]) o 
info tin* eixoslat leomp. fi*r. Ah>, xxhilst ilie balh snrroimdintr 
the ai»paratus may be tihfaiiied I>x s\ (dioinn^- tin* helium from 
the li(juefi(‘r into llie eryoslat. .'^iieli "i-xostjils have heen useil 
already in sexi'ral ’-est’andies on tin* propc‘rties (tf snhsfanees at 
very low lem j)ei-a1 ui-es, espeemllx in ihe domain of eleei rieil x ami 
inaj^netism. I-'hj, sliows tiu* apparatus toLiether xxitli a iliaefratii 
of the improved In-lmm (-iividation. in whieh sm*h a <*ryoslat has 
heen inserted, d’he lieliinn. thal liquefies on leavinjjr the no/./h* /»' 
of tin* ri‘‘*enrr*ator-spirai, eolh-eis in the hottom pai’t of iln* licpie- 
fier vfieunm .^lass as in the fii-st liqnefaetion • xperinieiils 'Phis 
frlns.s. however, is not <‘iosed at tin* hottom hut i iids in a iloiilde 
^x'alled silvered .syjdjon tulu* .v i fijr. ), jn-ovided wbh a valve v. 

') I wll\ :irloiiiv\ Ie4l;^i* Ihti* ;t foiiMilciMlile :iii;^riieiit:(i ion of IIk; stock 

01 lieliinTi )i\ ilie «>!’ llio Amerit'.'in Xax'y, .'10 AI*., tni'l of 

Profi Ml* iJ M*! 

2) pfotly nl, w ill liic oli jfcts to s« iiU*. 
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AVhcii this valvo is ko])1, Xi^hi, a supi)ly of liciuid hdium can be col- 
lected in the licjiienw j»1ass. l>y ojicnin*' the valve (conij>. 
riff. 2 and Tiff, n) rupiid helium can pass to the actual cryostat, 
'riiis cnyoslat its(*ir consists of an unsilvered va<*unrn fflass, in which 
the liquid helium is collected. Tliis fflass is surrounded hj’ a second 



Fiff- i-’. 

vaciunn j^lass. In silveriiiff it tuo vertical slits (comp. ^iff. 5, p) 
at o])posite side's wvvv l>e<‘n lel’t clear to render visible what 
baj)pens in the In'lium fflass. Tin- second vacuum •fflass is 
surroumled by a (hirtl oiu‘, silvered in thV same way and* coii- 
lainiiiff liqirnl air. 'J’lie vapours arising rn)m the cryostat and 
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those coming: from the liqneficr arc received in the pumps Pj, 
P (fig. .‘1) used for the following purpose; when the circulation 
is in action these va])ours arc driven back by the pumps to the 
liqueficr, there to renew tlie supi)ly of liquid helium. With* the 
arrangement set up the process of liquefying helium may 
be continued, whilst the actual ex])crimon1s are ])erformed with 



the aid of tbr- liclium bath in tin* ciyostat. As soon as too much 
helium has ovaporatisi from tlic cryostat, tin* suj>ply in the 
liquefier may be used to provide again tJic dcsii'cd fjuantity. 

The iinprovenn-nt in d(‘aling with iitjiiid liolinrn* obtained by 
the separation oi ciyostat ainl li(jueficr, was ac(;oin])anicd by 
an improvement of ilu; liquefier itself that led to a more rapid 
prjjparation of liquid Jieiium and at the same time a more 
ecoifomical use of liqniii hydrogen. TIjc main pari of the modi- 
fication consists of a more rffif-ieut us<- of the available cold. 



The helium, after beiiiji: compressed to 30 atmospheres is divided 
(fig. 3) between two j^iirals h and that unite again, bring the 
helium through a lube eoiitaining charcoal cooled in liquid air 
and*aro agfiin divided into c and c^. h and c arc cooled by cold 
hydrog<*n vapour arising from the liquid hydrogen in the refrige- 
rator, b' and r' hy cold lieliuni vapour arising from tlic liquefier 
glass. Iioth spiuals arc nnicli longer than in the first liquefier; 
tliey unite* to form the spiral a ami pass, just as with ifle first 
liquefier, after cooling by hydrogcji vapour surrounding a and 
by liqiiicl liydi-ogi'n snrroumling /, into tin* regi‘nerator-spiral /, 
which is jwovided with a nozzle k^). 

Resides nhtaining in this way hy belter regeneration larger 
effieieney f»i‘ 11 k* liquefaetor, the capacity of the circulation has 
been iner(‘ased by insi*rtiou of larger eoinpressors P, 7^,, which 
at tin* same linn* can act as vacuum ]mmps. 

So iji the nc\v cryostats one had for hours at onc^s disposal a 
bath of say bOn mr*. of liquid helium evaporating at a pressure 
of mms. It \\as possible to j)ei*forjii <*xtendcd experiments 
at tonqxiraturcs whose attainment eould hardly liavc been 
demonstrated in tin* early (*xporiments with liquid helium. Such 
a cryostat with a hath (U‘ ali*eaely extremely low temperature 
has been ns<‘d with much advantage in tJie ex])erimciils on 
cooling helium still fiuther hy its own c\aporation. The vapori- 
sation aj)pjiratus j fig. A), in wJjieli helium has been reduced to 
the lowe-st temperature that lias been attaiiud, consisrs mainly 
ot i\ small donblc-walled vacuum flask ci tfig. -hi ^ containing the 
lielinm wln'ii it is (*ooh*ti as iiiucb as i)ossible, and of a wide outlet 
tube h for tin* gas fornieil by tin* vai>«)risation. The vaporisation 
flask is immei’scii (fig. 4b) in the intensely cooled helium hath 
of the cryostat T; the gas escaping from the outlet b leaves the 
cryostat through tin* lid k whieh is connected to powerful 
vacuum pumiis V i fig. b). It is evident, tliat tliose pumps not only 
must cause a high vaeiium, but at the same time must have an 
extremely liigh capacity at the [n-essiire of this vacuum, since the 
gas formed hy the vaiiorisatioii will occupy a large volyme at 
atmospheric temperature and at the low vaporisation pi’essure. 


*) For further particulars son Ijoiflon Comm. N". 358 and Suppl. N". 45. 




Siinilarly it is at oikm*, lluil Ili<‘ aim t-aii lx* altainod (inly 
if the eryostat affoi^ls n|>iMirtunity to llioso larpfo volunics 
of tifiis to (‘s<*ai)r hy a wide* out let, as iude-od it did in llie 
aj)i)aa‘afiis used. IT llio tuhos in the* iras moves arc 

not very wide or are in»f at very low leniperal ures, the 
movement of llie <ras at th(‘ low pressures under consideration 
n'(jiii?-es dirrer(‘m*(‘s of jn*(*ssure of the same order as that at 
which the jms is pumped away. Tliese diriertmees of pressure 

inijiflit 1 * 01*111 a e<nisi(lerahle |)arl of llie ])ressure at Avhieli the 

In^lium evaporates. 

§ 4. Temporary set-back. Tluse tw<i eonsiderations show 
alr(‘ady that juti-at ih-mands must he madi* on tlie aiiplianetjs 
to h(‘ used for tin* experinuMits and especially on the eajiacily 

of tin' var'Nuiii jJiimps, if des<M*nt to a v<‘ry low pressure is aimed 

at. Now in IfMO an experiment had Iksui pei’formed in this 
direction on the same princifde as has heim lollowed now’, hill 
with insurri<*i<'nt applianci‘s. Not w it hstandine- t hat the cryostat 
was dcri<*ientl\ eon<‘ei\cMl. h\ a foi'tuiiatt' accident a lower limit 
for the \aponr pressure was reached than tlial olitaimsl in Ihhll. 
I'liou^h this result <*ould not he obtained amim nil repetition 
of th(' experinunt with apparatus arraiiired in the same w’ay as 
ivhen tin* ^•\perillli•nt suec«*<-ded, yet there was left no doiiht that 
the \apoin' pressure eonld desemd far helow 2,2 mms. without 
solidification nl* the helium and that even at ,'5 vapoili* pressure 
of ^1.2 min. it would inohahlx not solidify. 4'liis meant, however, 
that in order to ensure a <piite (*ertain iiro^i'ess, much hif»:hcr 
(leiiiands had to he inadr on the expi*i*ir^ients ihaii when one stood 
only at 2,2 mms, as the lowest limit. Tims many years ela]>sed 
hehii'i' one (*onhl thiidx of lowering- the limit below that acciden- 
taM\ found as 0.2 mm. and this jirohlem had to he set aside 
and the treatment of various iirohlems. more important for 
Ihe moment and mure in aeeordane*- with tin- <:^radual devido])- 
nM‘nt of tin* appliances was first pnn*ccde<l with; e. those 
<*oiiceriiin{jr the snpcreondiielivity and the thr(‘shohl value of the 
maj^iictic field hy whi(*h ordinary resistance is e:(‘nera1ed iiPsiiper- 
coiidnettu’s. 14ie lowi'st temjKTalure obtained Vemaim*^! that w^kich 
eorresponds 0.2 mm. vapour-pressure. 1 had esliinated this 



tomperaliirc at 1^,15 K. Taking into account tlu* uncertainty 
of this estimation it would have been bet^r to have said tliat in 
descending one had approached io nearly K. As the state of 
the helium w’ork progressed it became more and more* u<?cessary 
that a limit for the vapour-i)i*essure more in aeeordanec with its 
now feature than 0,2 mm. had to be given and es])eejally it liad 
to be cstablislied whether it would lie possible to penetrate below 
K. At last liowever in IttlJ). this problem could be attacked, 
wdicii the difficult ies of tJic years of war and of eiisis had ])cen 
overcome. 

§ n. New attack. — Kor tlic removal of the beliiim from the 
evaporation apparatus a large Ib arKif midt vaeuum iniinj) I'n, of 
ofiO per liour ea])aei1y eould flH'ii be uso<l. eouph'd in series 
with one of 18 eapaeity ami a Sicmias pump V of 2 M \ 
capacity. The arrungemeiit and U'eatment of tlu' lai'ge liigb'* 
vacuum punij) were sm*!:. that there* was iu> possibility of gas 
being given off from the lubricating j»il into tin* vaeinim. At the 
beginning the valve.s, wbieli previously barl been kej)t shut by 
means of springs until the ga.'^ h\ ils owm o\<‘rpressiir(* flowed 
from the pi’ossurc side of tlie e;\liiider into tlu* onllel. were naw 
opened and .shut by a muhavival anuf ngt inenf at the eorroet 
moment for the equalising of the j>re.ssure in both s]»acc‘s. Later 
on the valves on the f)re.s.sure side wei’e takfni awa\ and the 
latter eojjn<'‘‘ted simply to tlie suetirm side of tin* auxiliary j)ump. 
AVith this piimping arrangement wJiich had a limiting sm-tion 
pressure of 0,04 mm. (in the. best eu.se 0,()2o mm.) and with an 
evaporation glass Avhich, ibongh not .so good as but in the main 
set up like that whicli served for the (xiie.rijnents which I shall 
describe, a volume (»f 2,7 litres <»f gas per hour fmeasurt^d at 
N. T. r.) eould be ]*einoved and the ])ressure of suction at. the 
top of the cryostat reduced to 0,1 nmi. It was coucludcii that 
the vaporisaiion pressure was again smaller \h^u Iiad been 
oblaiiiQ^l in JOlO, perliaps it iiiay be estiiiialed to have been 
reduced to mm. AVljen the pressure had fa lieu to Ibis value, 
there otcurred no further <diang<‘ in the evaporation, equilibrium 
between tiie,hcat r<.^eived ami tlio cooling by evaporation being 
attained. 
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The helium agam did not solidify and tlie limit for tlie pr(‘ssure 
liad again been some^liat lowered, wliich again led to higher 
demands on laler experiments. 


§ (». Battery of condensation vacuum pumps. - Real 
])rogress eniihl Ik; made only by cxeeiiling a long cherished 



plan, naniely : Ihe e<»ns1riietion id* a va<*iium ])ninp-eoii>plex oC 
very large eajiaeity wilh extremely low suet ion jiressiirc^ This 
was iii1ende<l to eonsisi of a large number of Lanomitir > 00 ( 1011 - 
salioii jminjjs ('onneetc'd in parallel. In 19l5l) 1h(‘ first s1op*wa8 
yiade in the realisalion of tliis plan and sinei? then the battery 
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oj’ ])Uinps has hoou ivjruhn’lv oiiIai’^^cMl ’). hi llu* cxprriinoiits , 
now ilcsci-ilx'd the halho-y ha«l aircadx* frrown ( rijx. T)) into 
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ill parallol into ono single (*oin])lex. The l.>nr{CKiiAKi)T i)UTnps 
coniiocled as lioforo in sei*jt‘s st'vved as llio aiixiliai’v pump. This 
is shown (lia^rannnalieally in Tiff. 5^). 

Th*' Imtforv of t\velv(‘ jjlass pumps (see ri" (5) eonsisis of three 
s<‘ries of 1‘our ]>um|»s, eaeh s(‘ri(*s havinj? (as later api)eare(I super- 
fluous) a lj\N(;Mrin pump as auxiliary ( fijr. 5) before he’ui^ eon- 
iieeted to ihe aelual auxiliary eonsistin^r of I In* eom|)]ex of 
llimrKiiAUDT pumps, hi tliis balleiw tin* mereury of the eonden- 
sation pumps is Inhaled by unmans (>f jjas. Sineo flames ai’c not 
j)ermissibh* in sueh a room as the ilepartment for helium experi- 
nnmls, the batleJ'y is* built into a small separate room iii the 
di'pai'tment. 'I’lie i*(*om eonlainin«r the bat1i‘i‘\ is ventilated with 
outside air l>\' m(*aiis of a fan. whieli maintains a blast of air 
thi*ou^li tin- hieks in llie walls into the helifmi d(‘par1ment -). 

.\li (‘onms'l ions In lu* found on the «[lass puni])s Avere made 
^ly sealiji*; 1oo^•|ll(n■. 'I’lie different series were ('ement(‘d to the 
e<»pper sindion-t nbes whieh iini1t‘d in a main of twelvi* ems 
iliaiiietei*. As far the eop])er lubes an ere not solilered to ea<*h 
other, they A\ere eement(‘d lojretlu'r just as the main is to tlie 
<*ap of tin (‘Aaporalion apparatus. 'I'he only eonneetitm by rubber 
was that (d‘ llie tubes eomintr from the auxiliary h\.\uMriK» pumi)s 
to the suelion luln* of the I >ur<-khai'<lt r/,j. h'ui'tliei*, all the 
(‘oppe. is Aariiislnd. 

In |Lt:eni‘ral the iron pumps are not so suitable* for Ihe bijjbest 
^vae-uiim as the irlass ones, hut llie\ are epiite «>:eKKl oJiouf^b to 
pr(M‘!'!e the ln»^h \aeiia with u liieli we are- •Mon t rinsl hen*. They 
are ln'ated t‘h'<'t ricallv ami attention must be paiei eoutiinially 
in ordei* that one of tin* eeMiieiited fMUinejj^'lions does not f^iA't* Avay. 
Jtiit I will in»l further dwfll on thi‘se (h‘fails, nor eiii the adver- 
siti<‘s ami elisappointimaits whieh neeessarily aeeom])auied the 
experiiiM'iils whieh I am <h*seribin«: now’, before they Averc 
eonelmleel sat isfaed or ily 'b. 


Purtly .srlirnuitiral, ]i;irll\ willi llie siiij;le c»]»jerls to S(‘ale. Onc^ sliould 
take into aerouiit tlie Jiislorical developmojit. 

■-) 111 rasr of eiiier;;eiirv ail flann-s can lu* put out at oiu'c. 

3 ) \Vf iiiuHl mil tluil ir one of tin' pumps stuKlenlv J^ursl, ii l«argo 

fpiantitv of air wlimild Iiave lo he r»*ceived hv the Ih ra'KflAUDT-punip, llesides 
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By the aid of the battery with which I am dealing now, 
on a suction-pressure of 0,005 mm* at the evaporation 
apparatus, a capacity of one litre (at N. T. P.) of removed gas 
per hour Avas finally obtained, corresponding with an evaporated 
quantity of 1,25 cm®, per liour of liquid helium at 2° K. 

§ 7. Minimising the heat conveyed to the evaporating helium. 

— The very large capacity of the jnim]>ing arrXngeincnt may be 
utilised the better, the more the h<diuni Avhich has to be va])o- 
rised is lU’otected against conveyance of heat and the more the 
frictional resistariees between the cva])oVating helium surface 
and the pumps are dimiiiislied. Bolli requirements arc', however, 
ver>' difficult to combine in tbo roust ruction of tbe t'vaporation 
apjmratus: a Avidor outlet tube Avill diminish the fricftional 
resistance, but at the sanu' tiirn^ it will give j-ise to a larger heat 
conveyance through tlie glass Avails and es]K‘eiall\ by conduct iou, 
in the eolunin of gaseous hcliuin in the 1 u1k‘. B()lh rt'qniiH'rncnts 
ha\"C been satisfied as much as ])ossil)lc in tlie consfriu'tion of 
the I vaporation ai)pa?atus slniwni in fig. 4-. wliieh was used in the 
last exporiinenis in 1!12() and Ht2I. « f’ni the meaning of some 
details of the (MUist ruction sc-e alsn it and 10). liesides the small 
eAaq>ora1ioii flask a with douhle-walled evaeuated in1ei*spaee and 
the similarly douhlc-x ailed outlet tube />. the int<‘rs|>aee of Avliich 
can be cvacuat(‘d lhi*ough a lap ’), Ave riotiee a single- Availed 
])art </. Advantage is taken of the latter to in1r'o«luee. ])y means 
of an artifice, liquid helium into the (‘Vaporat ion- flask. T(» 
bring this cibout, helium is introduced into the helium space 
conneeted Avith the high-vacuum |)unq>s. i. e. tlie cvajioration 
appa7alus, the connecting tii1)e Oi tin* laimjis and the jmmps 
themselATS, the ])attery of condensation juimjis and tJic auxiliary 
jiumps being out of action. The pressu?(* is thus allowed to rise 
above the. Aa])oue jire.ssuro oecu»*ring in the bath of tlie cryostat. 
Inside, the liquid lieliuin thcji flows doAMi along the Avails and so 
fills yie bottom part of the apjmraliis. l>y again imlting into 

safeti^ to the Biirckliardt jiself a slnitt iii;;-s]i<h- has ln'Oii plaml in the 
suction-tubc. This slid^ ronld la* .-sh-it 11 k* first signal. 

f) Any small lowerings of lln* vaemiju r-onseriuenl on the jirescncc of 
soldered metal can rf*nn died by these \vlieni*v<*r ne»*es‘'n.ry. 
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action the auxiliary pumps evaporation under decreasing 
pressure is brought about until only the required quantity of 
liquid^ Ijflium is present in the evaporation glass, in which, 
protected against licat absorption, it cools further until, to go 
lower, the high-vacnmm pumps have to be put into action and 
the actual experiment tvin be commenced. The pressure under 
which suction ocAirs at the cap of llio evaporation appaj'atus 
is measured with a McLeod manometer M, fig. 5. S])eeial care has 
been t/ihcn to ])j*event heat penetrating by conduction or by radi- 
ation into the heliuJii iik tlic evaporatimi flask. It is neeessMiry to 
X)ay attontion also to the radiation given out by parts of the aj>pa- 
ratus remaining at oi-diiiai-y temperatures, e. g. that coming Ironi 
the cap above the outlet tube through which tlie evaporised 
helium is led avva>'. The order of magnitude of this radiation 
giay be estiinat(;d In eoinjjarison with the total black radiation 
from a plane snrr;u*(‘ (4,8. !()- gram-ealorios per hour and 

per cm-.). Subsl itut iiig tlie value of the ordinary temperature in 
this exi)ression oiu' ari-ives at ‘10 gr. eal., whieli, on aeeounl of the 
small lieat of vaj'orisatiou of helium, about C eal., suffiecs to vapo- 
rise a f|uaiitity of litpiid which occupies some 30 litres at X. T. P. 
when in tlie gaseous state. The puiiii>-coiiiplex is, however, calcula- 
ted to ’H iuovc* al tlie j)ressiin‘S under consideration only a quantity 
of gas cr)rrcsi)()ndiiig to one litre at N. T. J’. ])er hour. The radia- 
tion towards tin* i'vaporation flash should be received as much as 
possible by opaepu; metallic screens which arc cooled down to Ioav 
temperatures, piTferably to the lemiieratiirc of the helium bath 
in the eryostat. The radiation from screens cooled to this degree, 
on account of its dependency on the foilrth power of the tempe- 
rature, is S(» small as to be negligible. Protection against the radia- 
tion falling sideways on the walls of the evaporation flask may be 
especially easily realised : the entire lower pari of the evaporation 
glass is snrroundt'd by a metal bowl, the upper side of which 
extends beyond the surface of the liqui^I helium in the cryostat. 
Ill this bowl two slits ar(‘ left open in order to rendfr the 
evaporation flask visible through the* uusilvered strijis of the 
vacuum glasses. As a rule the slits are kep^ shut by means of 
two screens, which ina\' be rotated around the l)ow?. They lu'c 
refhoved only when the level of the liquid must be observed; 



for illiiniiiiatioii, use is made r>l a metal rilameiit lain]), i)laeed 
bcliiiid an alum solution. In onler to shut ol'l’lieat eonve.vanee from 
above by radiation into the evafioralion j^lass an arrainr<;ment has 
been t'onsl meted, b\ wliieh llu* whole nnule by Mr. KksskIiKINcj, 
ehief of the ‘jflasslilowm* dc‘])artm(*nt -- - )>eeame a masterpieeo 
of the ‘j:lassblowei‘\s art. Above tlie evaiioration flask a there is 
sealed into the j^lass a <hiuble-walletl eap .r. th(‘ ?nti‘rs]>ae(‘ ot' wliieh 
is eonin‘eted to the outside of tin' xjnMinm tube. Tlie helium in 
the cryostat Hows thrmi'rh the annular spaee c»r the eap, the 
Ujiper si<le of whieh is blac-heiuMl and tjfir- Inum* silvered. Radi- 
ation from above can onl\ penetrate )>> rerh'c'lion ah»nj^ the 
walls (d‘ this ea]». Tin* beat ti'ansfer't'nec t'lMiin abovi' has been 
further ininiinisetl b> narrow in**; down the sinjrle-w ailed iniildle 
])art as inueh as the streinrth of tin' apjiaratiis and the quantity 
of eseainnu: vapour would allow. Further. sei‘*‘ens // eooled I»y tli^i 
aseendinjf »»‘as and by other means to w hieh we will lefer later, 
were so j»]aeed in the outlet, tlial tlnw <lid not hinder the 
free escape (jt* tin- vapour Tlie inner vvalls (d‘ tin* outl(*t 
w(‘re blackened wi^h a mixtun of soot .*Mid eellnloid solution 
in ordei* to dindidsli tin* refleelinjz janver. ^’'inally. there 
serves to tin same (‘ud thi- spiral S/) that lias b(‘en inirodueed at 
the to]), throinrb wbi«-ii bipiid livdrotren is fori'ed and wliieli 
removes part of tin* ln‘at wldndi ofIiri*wise wimld bavi' been 
eondneteil In'low by the v\alls. In another i-espeet also advan- 
tayfo lias b(‘en taken of the elassblow er 's art in the »‘onstrnetion 
of tins evaporation irlas>. .\s we lia\c* s<*en, the outlet tube lias 
also a ^Iouble-waIled nj)]>ej* part, silvered and t‘vaenal.*d )>etween 
tlie doulde walls. The ^t^'CNses whi^ l. <»ri^nnati* on a'*eount of the 
fjreat diflerein-e of t»*ipper:niire l»eiween tlie inner and outer 
walls are taken by a nn-tal eax* u .^csldeic**! to tin* »^lass and 
serving: as a sjirinjr. The heat 1 ransb rretl feoin above t(» the 
lower jj.'iri^ tliron<:b the walls a<*ross the narrow in*' is lak(‘n ii]) 
by the l)atli of the *T\os’at ihe hvel of the liquid in the 
ervostat bein'? always kept above the nariiov portion //. In this 
— -• 

') Tlic* 1j''}U tliN'i *^*\i:*o*«l tM tln’ liatli liri> no [)fi*»''‘fM iUle influence tin 
ntO* of •v.*q»or:i» o Ti nml lieiuM- on P..- nine «lun/»y|f v hirlj (he f‘.\'perini(*nt 
ean })e eojUin* eU. 
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way it, is Iriod to (*nsun' that llic 1 (‘nipciatur(‘, oJ‘ tin; hcliuio 
Ras al)ovo tlic (‘vajjorjftioii flask is Jiot appro('ia])ly Iiiglior than 
lliat of Iho bath. 

TIw^ Tiock of tlic, (ivaporatioii flask in Avhicli the evaporation 
inifbo* very low prt'ssnrc oeeiirs was lonj*’ and narrow, firstly 
to reduce llie lu'at eondiietion th 1*011^11 the j^lass as niiieli as 
j)ossi]>le, th(* small radius allowinj^ the inner wall to he made 
very thin and s(M*ondly to make ihr v(‘loei 1 y, A\ith which the 
vaj>our csra|K‘s, •rreat enoujrh to (*arry awa\ the heat Avliicli 
othm-wise would en 1 (‘i^by eonduction alonji* th(‘ column of Indium 
j^as. In all tljis allentj<in has been paid to tlu- limit at wliiidi 
disadvantageous rrifdiomd resistanecs would make tlieir ap- 
pea ranee. 

All the above nnM!tionc«l pr<‘caulions liavin^ lM‘(‘n laktni to 
]ii’o1eet tli(‘ helium in tin* evaporation flask as mneh as jmssiblc 
*a‘,ruinst lieat li’ansfei-eiier, the vai>orisation a]>])cared to liavc 
hvvw iTdni'cd to (),!) Iitn*s of noianally measnr(*d i^as. The 
suet i(Hi-pr<‘ssure }»rodtt<‘ed h\ tin* hitrh-vjn-utim pum]>s at the eap 
of tin' evaporation apparatus was shown to he O.Onr).") mm. hy 
the .MeI,eod-^mn<»i‘. 

ill the hojM' of redtnditir the «pianiit\ of i^iiiss which finally 
had to he t'ooled down hy the «\ aporat ino* helium, an espeeially 
1 liiii-walh’d small \ acMimn jilass ( was plaeedat the hottom of tin* 
evaporation flask. It was thoUi»lit tliat on <'oi. tinned j>nmpin‘jr 
the liijuid III the small j^Iass would continue to (‘vaporale alter 
the ii(piid siirroninliiijn tin* <»lasN hatl <'vap<irat (*<L so tJiat 
the eireunislaiices for coolinji’ tin* Indium would hceonie more 
favoiirahk*, as h*ss olass ha<l to 1k* <'uyled ami Jess Jieal would 
be cun\* \ed alonu* tin* wall. It will lie seen ]»resen1ly thai 
j)e(*ulia ril i<*s in the e«Mirsi‘ of the <’\aporation broujibl it about 
tliat the liquid level inside and oulsith* the small ^?lass sank 
at tin* same r:il<*. As rej-ards further iirotirre.ss in reacbiiig 
lower temperatures, the bowl did m)t fulfil expt'etatious. 


§ s. Minimising the frictional resistance on the way^from 
evaporating helium to pumps, — I will now' piin-eed to tiiscuss 

t be niininiising <»f 1 1n' frictitnial i*esistainM* ol tl<(‘ v aiioyj^od Indiwin 
in the eva|)or:iti«»n apparatus on its Avay from ibe. Ihiuid siud’aeo 
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to the Ingh-vaeiiiuii pumps and lieucc using the low-suction 
pressure of the pumps to the best advanfago at llie evaporating 
surface. The width of the outlet tube could be increased only 
as far as the size of the top of the cryostat o (comp. Tig. 42;) 
allowed. The opening in the latter eonld not be widened without 
rebTiilding the whole cryostat^). 

With the greatest width at ]n*esent availabjt* Tor the outlet 
tube, the gas would, as a consecpienee t)f receiving heat in 
aseeJiding, a<‘<pnre so great a ve1oeit\, that a rrietioiial resis- 
tance niueh to large for onr ex]>erimen1^s would oeenr. unless 
special nmans were tahen to ])revent this, h'or this juirpose there 
lias been ])laeed in the top ol* the outh^t lube a lining that can 
be cooled strongly by external mt'ans. Tins lining eonsisis of the 
coi»per sjnral Sp ihrongli whieh li(|uid hyd7‘og(‘n I'an be letl. The 
spiral is eonii(‘eled to a Dewar flask of rujuid hydrogen and the 
liquid is Toreed under a small overjinssure through lln* Former f 
the su))])ly Ix'ing rt'guhited hy a flow nietm* showing the (plant it.\ 
of e\aporis(‘d h>drogt ii. Not only does this lining, through Inung 
thus cooled, nsluee eonsiderably the luating oi the vapour in its 
ascent through tin* outlet tube ami eontribnle to the ]>revention 
of radiation by the eooling of thr various sttreens, but it also takes 
up, as we hav«‘ said, part of tin* heat ]>enc‘t rating from above 
along the glass walls of the (;va])oratioii glass, lly means of a 
small r(‘sistc>ne(,* thei-mometer jilaetM] inuh i-lln^ lowest turn of the 
coil it can be a.seerlained wlo-ther the arraugeim-nl is working 
properly; io the exjitoimenis that su«‘er»‘ded lust the temjie- 
ratnni underinjath the spiral de»M*ea''ed to 2(K)‘" ('. Then the 
loss of prc'.ssure dii<i to yietional I'esisiaier , ;is w'e shall se(‘. is 
I’cduced to only 0,01 mm. 

§ !), Determination of pressure. - In delm-mining the jirossure 
in tin* space immediately abov<‘ the level of tin* evaporating 
helium use was made oF a rosistanee manoiiieter. Pressures such 
as thogc x' hich occur al»(»\e tiu* surface of the evaporating helium 
ai’o too small to be measured by moans of a suitable mercury 

T*k’ (ixlwi.sjvo worfi m rt'ssiirv Uu- I 1m* ourist ruction of a furtlicr cryostat 
wiLli a AiUor (ijK-uin:; nt tin* top is in I'Miid. 
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maiiOTiictc]' except with a very rigid arrangeiDcnt such as would be 
very troulih'some in thi^s ease. From this point of view'’ a resistance 
manometer is already i)i‘ercrablc. -The manometer tube further 
may •hive ^'er^■ small dimensions and the manometer can be 
ealibrat<‘d very w’otl for pressures between 5 and 20 bai-s. What- 
ever manometer is us<‘d, if the space of the manometer is at 
ordinary tcniper^luies aiul is connected to tlie space at the lower 
temporal urc l)y a narrow tube, the pressure in the manometer 
s]»a(H! A\ill not be (i(iual to tlial wJiieb has to he measured. At 
the low ])ressure at A^liieli the lielium evaporates, the mean free 
path of the gas molecules, except wlierc the connecting tube is 
at a very low liiitiix'ralure, is«i>robably many times greater than 
the diameter of the lube. Ih'tween the space at low and that at 
ordinary temporalures there oec.jirs a pr<*ssiire difference equal 
to tlio thermal molecMilar ])ressnre. The hope M that this diffi- 
culty inhen'ut in nnasurmg inessures at low temperatures 
coubl lie avoidrd by the use of the resistance' manometer, 
as it was here j)ossible to keep the manometer tube itself 
at a low hmiperature, has happily been confirmed by a series 
(if ex])criments (‘arric'd out in collaboration with IVlr. vAX Gulik. 
So the pivssiiro below in the* evaijoration flask has been deter- 
mined by jiK'aiis of a resistance maiHmieter, the manometer tube 
of which was kept at a teinpcn-atiire but little above that of tho 
cvajioraling helium by being immerscHl in the helium bath outside 
the evaporation flask. In fig. Ah and c is show'n how' the niano- 
molcr lube is sc’aled to the lower part of the evai)oratioii glass; 
in fig. 6 the arrangements 11' for the measuring of tho resistancxj 
are shown diagranimatically. At firs4 siglit it seems doubtful 
whelhcf the ]>rin(nple on which the resistance manometer is based, 
viz. the ebange of resistance of the manometer wdre with tempera- 
ture, can bo ap])lied at a temperature so low’ that the resistance of 
the wire has n<»t only fallen to a v(m\v small value but also docs not 
change w it h teinjioratiuv, as is the case wdth a plt^tinum wire at the 
teniperatuiv of ]i(]uid helium. Rul it ap]>ears that the resistance 
remaining at this tomjieraliiro, viz. the additive resistance, Jis still 
sufficient (if a still serviiM'able small cniTonI flows through tho 


*) Of. Tjcidcii Comm. ►Siippl. No. ,34o. 
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wire) to licat llie wire until tlic toiiiperaturo is rcaelied at Avliieli 
the rcsistiiiice Logins to iucronse disruietl<* and so the iuriueiice 
of the ]>rossurc on tlie loss of heat Iroiu the wire beeoiiies ohser- 
vahle lliroufyh the dii'IVrenee (d‘ eui*ren1 noeossary to niailitaiii 
the same resistanee. Thou«j:h the iiieasurintr ap|iai‘a1 us, if used 
ill this way, becomes a ni(*aiis ratlier (d‘ iudicatiue: Ibaii of mea- 
suring the ])ivssure, yet by ealibiatiou at kiio^vii pressure's the 
ilesiied aim is attained. In this eali])ration tlu' apparatus was 
filh'd with j^aseous helium at rest and with its lowi-r (‘iid imnu'rsed 
in the same way as in the expt'riments iii.tlie helium bath. ^I'lu' 
U|)i)cr imi*t pruti-mliu” into the eai> of the eiyostal remain«‘d at 
ordinary timipei at ores. The tuln‘ h is n«»t \vi«b' onou^h i-ender 
quite su])orrbious a eorns'tion Tor tlu' thermal nmleeula]' 

jiressure bt'twet'n the upper and lewcr parts. 'I'Ik' amn'aey ot‘ 

the values of llu' pressures, wliieh will be ;j:i\en pii*st*ntl\. will 

be iiiei'eased thei’erort', when the unerriainlv ri'sullin^JT Ifimi 
tact that the corrcctiim l;as as \rl onl.\ In-in ( ifft ( tl, wdl be 
removed by m-w t .rpt rintt uls. 1 will tmi ilwell. I.nu r\t‘r, at 

piM’seiit on this eorreeliun. w iiieh is only ().()():] niin. .Mso we 
in'<»b‘el tb(‘ differema' wliieli nia> still »*\isi bet worn tin* pi*essure 
ill the manomel(‘r tub» and that at thi* snri’arr oT the helium 
itsel 1’. 

§ H). Stirring’ arrangement. Lastly we have to mention 
the small stirrer /• iptrodueeil into tln‘ evaporation flask a. With 
tin* arranginienl of the evaporation jrlass shovv n in fig. 1 it 
eonsisled oi a horizontal Ldass dish allai-hetl to a vei’tieal glass 
rod. It ean be moved uj) :Mid down bv meaii-- of a vvii'i* attached 
to a nnl. wiiieli ]»a.sses a glass tubi in the raj); the lube is rio.se<l 
bv means of a paeking glaml M. 

Ml. The final experiments. - I’or tin* siieee.vs of tin* rxperi- 
ni'*i?t wit !i 1 hr eom])lieal r<l avrangrmrnl vv liir h has brrn drserihed 

’) Tr. rm cailiri* cNjuTiiiienl :• '•piinL: wa^ iiiM-rn-il licl \\ rjMt llir win* ainl 
llif' «1. A (liiiriKirMl w;**. I'nnn tin win* iii>tra*i nf llic if 

tin* ‘lirliuui Inrl liii!'.' ainl l!'i‘ <li:iii)iiini Icnl ain’j*, tin* 

sjeing vonild have. Iicnw st i trl,i-d in ii.s nin\riin*iil iiji a ml dnwii. 
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(and of wlii('h 7 jyivos a view), it is necessary that numerous 
operations should lie J^('r formed each in the time allotted to it 
and in regular ordej*, Ihe success of each of the operations theni- 
selv(^s tlejiendin*^ up(»ii cai'eful jirepa ration. 

A sn.'all amount of condensation on one of the glass walls 
through vvliicli the f‘vaporation of the helium must be watched 
suffices to rendef ohservalioii imtiossihle : on walls eoolotl in liquid 
hydrogen a gas reiidc‘r<‘d impine hy traces of air gives con- 
densation. On reflecting on what is required to keep tlie glass 
walls through whidi is necessary to see, perfectly transparent 
foi‘ liours after iKiuid helium has b(‘eii introdiie(‘(l for 



Fig. 7. • 


tlie first time into the ery(»stal, it will lie understood that T am 
greatly inde}>led to Mr. Fi.im, the chief of tlie teehnieal depart- 
jueiit. for his devotion to tlie work. I'hanks 1(i him everytliing 
went according to plan. 

Early in the imn’iiiug the preparation of 24r lili'es of liquid 
hydrogen was eommeiieetl, the previous day having lieen spent, on 
the OJK* hand, in <-va<*uating the aiiparalus and further putting 
it in working ordei- and, on the other hami, in projiaring a.suf- 
ficient (quantity ^iiioiv than nO lili'es) ol li(piid air. Meanwhile the 
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following preparations were carried out: the helium circulation 
was fiirllicr put in order; the pump, which had to remove the 
hydrogen from the helium liquefier at rcdu(*ed pressure, was 
started; tlie space T«‘served for the liffuid air used in coofinfr the 
hydrogen was next filhul aiul the liquid Indrogen filled, 

after having heen first cixded with <lry cold hydrogen gas. At 
12 o’clock the liquid lielium could he syidioned over into the 
cryostat, after whi<*h avo i)r()(*oeded 1o cool this hath further by 
evaporation and rerilling hy means of the helium circulation. At 
1 o’clock the condo ii*<a lion of the helium, into the eva])oration 
ap])aratus eould be e(»mineiieed and the Ijotltan pait of the eva- 
poration glass Avas filh‘d uj) to sonfcAvliat al>ov<‘ the double -ay a lied 
cap mentioned earlier. At about ;> oVloeh this lielinm lm<l eva- 
porated so Tar as to tin-iipN oiil\ the ]xu‘t td' the evaj»oratiou 

flask, the evapoi'atioii taking ]iJa<‘(‘ first nmh‘r tlu* action of the 
auxiliary pump (*oinplex. later on uixler that of tlie combined" 
high vacuum and atixiljar\ immi^s, wliieli si'I-ac ibr tla‘ removal 
of the helium from tiic c\ai)()ra1ion apparatus. The evaporation 
Avas further observed alternately Avitli tIh- naked eye and Avitb 
the telescope of a catbeloniftor. th<; screens ari)und the evai>oration 
flask heiiig kept shut as long as ])ossjl)le. N‘ ilhor by means of 
the stirrer nor A\i11i the naked e>e or A\ith tlu^ telesco])c eould 
anything l/C observed that i»ointed to the sorxiifiealion of the 
helium even at the lowest vapour prrssiiii- obser\’e<l : the licpiid 
retained its great, mobility Ihi’ouginint. 

5 12. Evaporation at different levels. - h urt her, it was 
observed that conti.ary t(»^the (expectation that the layer ouksid(* 
the small glass would cvaimratc first and theji the lielinm 
inside the glass, both liquid IcaxIs fell at lli(’ same rate, so 
tliat they remaim d in the same horizontal plane. If (eomp. 
fig. 8) by means of the lid shaped stirrer r ffig.^-k/) liquid Avas 
iliroAvn from the inskh- to tin* outside, the outside level fell 
rapidly Avhile tliat of the liquid insidt* rose* until they were 
again ^in th'! same ]>Iane. If, by n'rnoving the screens and 
j^lowiltg the radiation from a lamj) to fall on the eva])oration 
flask, the opt or layer avms (*aused to (^vaimrale, after turning 
the screens the outer layer Avas r(‘-fornicd at the expense qf 
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the helium within the small glass, and increased until both 
levels were at the same height, after which both again fell 
at the same rale. The speed of readjust- 
ment 'bj^ tliis distillation was striking. 

A correct judgemtmt on this phenomenon 
will only become possible, when the 
determinations w(^ have in vicAV coiicer- 
uing the heat eoiidiiclivily of glass, of 
helium vapour and of li<nii(l helium have 
been carried out, wliUst a kiunvledge of 
the latent heat of evaporation and t)f 
the speeifie heal of litpiid luiJium and of 
glass and of the \ise(»si1y of gaseous 
heli'.im is also desiralih*. 

The proi>erty of a maximum deiisily 
^hown by helium has of eonrse great 
iiifJueiiee on the ohs<*rved evaporation. 

Observations in I!M1 ha<l brought this 
pro])ei*ly to light, but it was not suffi- 
I'ieutly (istahlished wJiether the d(‘nsity 
ting value or whelhei* it decjvased at still lower tempei*atures. 
Thai the laltei’ is the t'ase has been eslablislusl by a repetition 
of the experiments undertaken in collaboration with Mr. Hoks 
afttjr the coieplelion of the experiments Avith which Ave arc dealing 
iMAv. This <‘OJifirmatinji holds only so far as tlie jx)ssibiljty of 
some peculiarity in the expansion of glass is excluded. On eooling 
the surfuee of helium beloAv 2,2° K., the coldest layers of the 
liquid remain at the toj». AVhile in other easps in working with 
baths at reduee<J ju’essuro care has been taken to stir vigorously, 
ill this ease stirring has been omitted, as tliis Avould have 
made a elaini on the already small amount of available 
spa<'o at the lop of tlie eryostat. The presence of a stirrer in 
the outside bath Avould jirobably liaA’^c made tlie heat transference 
to the cA'aporation flask still smaller than it actually \i’as. It 
was hoped that the means Avhieh have been a})plied Avould have 
reduced the lieal traiisfereiice to one lialf of Avhat it seemed to 
be assuming that there is no special ciiaufi^ in tin; latent keat 
of v'aporisatioii. 











approached a Jinii- 
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§ 13. Lowest limit of evaporation pressure. - IIowcvct tins 
may 1)0, when the level of Ihe ovaponrtiii*? heliimi liacl fallen 
to the hottoni of Ihe narrowesi ]>m*t of the evaporation flask and 
to about half the hei«:l»t in the small i>:lass, it a|)p(‘ar(‘d *1 hnl 1h(‘ 
lowest vapour pressure was reaehed that eonld he obtained 
with this appai’atiis. Xv«:le<*tinf*: the small ('orn-et ions mentioned 
abovt‘, the pr(‘ssure at the surfaee was (),()1*J to (hOll mm., mean 
0,013 inm. In the eap tlu‘re was a vaenum of in th<' mean 0,007) mm. 
The ])?*essure difft‘renee due to the frielion of thr rapiilly esea 
pin**- vaj)ours of low d<*nsit\ was in tin- mean O.OOS mm. This 
value a^r(M‘s suf I'ieitmtly well with the result of a speeial deter- 
mination of the frietiunal pressure; exp^rieiieed b\ lulium moving 
through the apparatus with Ihe same \eh>elt\. In this eoiitrol 
experiment the e\a]!oration flask was subslituled b\ a tube 
through whieli helium. I'ooled to btpiid h\di‘ojien tiMuperat ur<‘ and 
of the same ileiisit\ as in the ac'tual experiment, flowed witlf 
the saim* \elo<‘ity. 1'iiis emili-ol j'xperiiiunil liaxe O.lMltt mm. The 
ohseiwed fi’ielional p‘ressure al>o agited with an ('>t;ma1e based 
oil tlic prohahh' distribntum m' lempmat nre aharj the eolmini of 
aseending lielium. In round nnmlM-rs and allowing I'or the exis- 
ting nne(‘rtainti(‘s \\(‘ may say that the lirait for the e\ a fmrat ioji 
I>ressnre has heen brought helow ’ ' mm. ami that we have 
progi'essed ten times as far as in tin- exj)eriimnts of IJMO on 
which was has(Ml the estimate of the leinju-rat lire mentinneil as 
the lowest one tlnni i-eaelied. In tiMiiperal ure diffm-enet* as 
measured hy Kmi.m.v degrees this means, as we will see in § 14, 
only a \(‘r,v small range. 

Keiurning to the ipiesjioii of the solidi fieat ion of helium we. 
come to tlie following eonelu.sion: as there is provisionally no 
clouht tlial helium has i. maximum (h nsity I'see ; 12) and as 
it is ('\<‘n not solidified at a tem])eratui*e heh»w the lialf of that 
of the maximum density we eannot eseapi- the (^lestioii whetiier 
heliniJi will not nniuni ]/n'ho//s lum'nl i ri n If It Is nmtul In fh( 
absfjlu^f iLi'o, 

1\. Determinations A temperature. It still remains to 
OOijsKJer tlic <piestijiM of w liat temperalni'e corresponds to the 
evaporation pre.ssure found. For the latter f)ressurc an experi- 
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nioiiljilly os1al>Jisli<*<l vnlno can as wo. havo dono bo givoii, ai>aT‘t 
from a low j>r«il)ably «mall corroolions wliicli dcinand furtlicr 
study: llio caimol 1)(‘ said of tlio loinporaliiro. Iii Ihe dctcr- 

Tuiuamoft ol iJio oxiroinoly low to]U])eratiiros, at wliieli oven the 




•W' 



yi'K- !> 


iKiliiini jias 1 luTinoinoIrr <*aii iu» loiijijor lu* iiso fully (Muployod, wo 
<'ii1or a ro'^ioii llio study of whiob lias only oomii^^Mieod. 
Tboj'cd'on* w<‘ fall barb ou llic law of ooi'fC'spoiirliiifr stato!^ of 
VAN i»i:u AVaa]«s lo j^iiido us now in oxtrapolaliuf*: the law eon- 
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iiectiiij? tomporatiiro and vapour pressure to Icmer temperatures 
than those for Avhieh it has been esta])lished experimentally. Tlic 
latter lias been done for Ihe raii^e in Avliieh it has been possible 
till now to ns<* the helium j^as thei*mome1er. Tji iTiij? eas(* 
the eonsti’uction of the thei-mometer had to bo adaj)te<l to the 
pressure, whieh intj‘odueed euiTi]»lieations. In I'ind the pressure 
must be very low it' the simi>le jras laws ^aie to be aiipli- 
eahle and even if only litjuefaetioji is to lie prevented. When 
the jirossure ]>e(M)im‘s small, tin* eorreotioii lor thr lh(‘rmal jn(»le- 
cular ])ressure (the ]n*essinv diri'eriMov between tin* therino- 
meter reservoir at low and the iiianom(‘tei* spa<*<‘ at ordinaiy 
t<*mp(‘ratni*<*') in this east* als(» Ims to ho ajiiiliod. Ihit iiotwith- 
staii(linf»‘ th(‘St‘ diffieidt irs we Nne<*(‘t(hd in nnasnrinji’ Aa])onr 
pressures of belium down to l.o K., in l!tll and 191o with a 
tbcrmoinetor with a nierrurv mioi-omaimnu ter and in IhlT with two 
thermometers witli hot win manome+ers. I'he results are ])lotte<.l 
in the aeeoni[)anyin}.r lijix. 0, in which the ahst'i.ssai* ar** the re<*ij>ro- 
cals of the r(‘dn<*ed temperatures and ilir r»r«rmatf‘s I lie logarithms 
of the redneed pi'essiires. 'I’ln* point is inev to extrapolate the 
line whieh passes thronj^h the o}>s«•r^^’d jMiints. |«’in‘ this ]Miri)ose 
the vapour jiressure euiwes <»r elbcr. tiievciirv, ar’^on. neon and 
hydrogen are shown on the same graph einliiig in the triple-point 
of <‘aeh snhstiiMec. That for* meremw has a still somewhal lower 
redneed teni]>erature than has heeii rea<*hed with Indinm. .Ml the 
curves agree in Hint the enrvature is only v(‘ry small . the greatest 
eurvature willi helinni oc(Mirs at tin* high«‘r temperatures. Tlioy 
deviate iVoni eai'h other in that the slo]>e differs for the various 
substances. In tint aj>pli<*ath>n rif the law of eorresponding stales 
to normal sub.stanc(!s account lias to he taken of such .sy.stenijitie 
changes of the jiaramoters of the laws iVir lifinids: for substances 
with low' critical i)oint the slope of the line in the. diagram decreases 
as the critical temperature decj'cjises. In eonsitlei^ition of tliis it 
will be seen from the figure that Jieliiuii satisfi«>s this Jaw in its 
generjiJised form ; in particular the sJofio is (fom/iatihJe w ilh tJiat of 
and If. tin- small rarvjitnrc at higiier rediiet-d 1<*nipera- 
tnres also faUing into line. An cxl rai»olation tliat can be accepted 
as«fi i)robai)le one.^is that which is oblaiiu'd by assuming llie 
lamsvnl Id the rxprrimt^niiil rnryr nt fhr point whore this eurji'O 
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ends, as its contiiiuatiun. This has hceii drawn in Iho figure. It 
gives for the temi)erature eorresjionding 1o tlie limit of the eva- 
poration pressure roaelied hi 1.910 tlie value 1^,15 K. and for that 
dealt “wltli here, wliieli is the lowest temperature yet attained, 
0°,82 K. 

Taking into aeeount the uneertainty of the extrajmlatioii it 
will be ht'llej* to say tliat ihe hmusf Icmpcrahire yet attained is 
some h nadrt dths of a. deyn e hiloic 0.^\9 K. 

§ Jo. Conclusion. - The (piestion put above, a\ hether we 
eould deseend below K., is answert-d ])osilively by this result. 
Ill round nnmlirrs wr bfive p^ogri-ssed of a d<*gi*ee and one 
may say I bat it* we eonid have gone rnriber only \/,. of a degree, 
v.e should have arrived at the limit obtainabb* in the ordinary 
way with beliinn. A better idea than given by those small 
•numbers is obtained ])(‘rJiaps, w Inm we ex])ress tbe lowering 
<d' teni])ei*al lire hy tbe i*atio in wbieh we havi‘ decreased the 
absolute leniix i at nre. AVliib* I In* jiassing from ordinary teiujie- 
ratnn^ Ibat f»f Iielium eva])oi*ating at 0.2 m.tn. m(‘ans a 
low'ering in tlie i‘ali(» ‘ioO to 1 and from tbe melting jxiint of 
hydrogen to tin' helium 1 empio'nture mentioned, om* of i:i to 1, 
the present lowering is only one of .1,1 to 1 and a furtlier 
reduel ion of J,2 to 1 would b(‘ nearly the limit of what eould 
he doin'- wi^ti Ii<|nid lielinm. If it is eonsidercMl that our know'- 
b'.lge of alomii- striieture remlers imjnobabJe lliat anotlier 
substanee eoiibl be tliseovered, or obtained in anothei’ W'ay, 
more volatile Ilian iM'lium, then tlie limit indieated, from wdiich 
w(j are sejiaraled by only sneh a small amoiinl, would seem an 
absolute one set to ns in tin' obtaining of yet lower teinpcra- 
lui'es. 

AVe eannol aeei pt sneh a limit otlierwiso than as a provisional 
one. 'riiere are evi'ii now definiti' ]>roblems wliieh require 
to be treated in the domain beyond tin* seemingly inijienetrablo 
barj-itu'. A simple examiih' is tlie (piestion wlieiber a metal siicli as 
gold can lx* made sujx*?--(‘ondiielive by eixding it more tlian we 
have been able to do. Tliis kind of problem reminds usjhf the 
])roblem of tbe liipiefying of the ix'rmani'i^t gases. Tlu'y Avith- 
st<xx] tJie efforts of the gn*at expin'imenter w'liose glorious iianni is 



altac'lirtl to yoiii* Socioly. Jlall* a rfiilury lalor llic ]i(|Ucfacfioii 
of liydj'ugen, Iho most iiieoorciblc fj:as w^ith wliioii Fakaday liacl 
opcratod was tlio brilliant arbievcinnil of Ilic latest of his 
successors in orn<*e at the Uoyal instil utioii : Sir I)i«:wai{. 

AVe may foi‘l sun* that the difticiilly which has now arisen in 
our way will be overcome also and that tin' first thiufr needed 
is long and ])alien1 invesligati<»ii ot* the ])roj)erlics of matter 
at the lowest ti'inperatni e we can reach. 



Apparatus and methods in the Leiden Cryog^enic 
Laboratory 
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DntC. A. CROMMELIN. 


§ 1. Introduction. Tin* fdllduinir avtich* is so 

that il ^i\«-s a consistciit <l<‘sri-i|>tion ol* tin* a|)|m!*atiis aiul 
nidlhnd.s ill th • Lci(l< i' i-ryof^cnic lahoralni'v ; ils |)iirj)osr 

is to iiialNf it «asy to Timl IIm* rxa<*t pUuM's in tin* niiin(*i*ons 
r'oninmnitat ions in uhic'li tin* dil'lVronl a|>j)liaiieos are livatcd. 
Wf lia\’<‘ liniilod (oirsolvos to a jionrral oulliin*: fo?‘ tin* details, 
the (jfijfinal pjipejs, to wliieli the rcfert*.-c(‘s refer, must In* 
eonsulted ^ ). 

'riic j)iu*])ose of the Leiden (*ryof»:eine lahoralory is and has 
rduays l»een to ]»e al»I(‘ to prodiiee iimf temper*at iirt* ln*lo\v zei'o 
d(‘fri*ees, ill order to In* aide to make a«-eurjite ])hysieal ineasin-e> 
loviits at those tt'inperalnres. And the (daini is, for aecurale 
measnremeiils at h‘as1, a eon.staney of during sevei*al 

honr-s. The best way to fuinil this elaim is to make nse of 
licpiefied oases boiling, well stirr<*d, hinder diffei’ont pressin-es 
and k<*epino- tln*s<* pressures <*xa<‘tly eonstant. In L<‘iden only 
pressures (d* one a1mosj)lM*re and lower \ often as low’ as a few 
m.m . and in the east* of lielium a few tenths of a m.m.) arc* 
used, as tin* (*onst rind ion cd* eiwostals foi* eoiisiderably liig:lier 
pressiiivs than one* atmosphere is diffieult aiid may even present 
daiifroj*. Tin* I’ej^ion cd* temperatiiivs csivered hy eaeli sflbstaneo 

» 

« 

*) For n flosrrij'tioii in fuli detail of some apparatus, whicli Imvc not yet 
bcMMi pulili.slied hitherto, espoc*iaIl,v the new hydrofjen and lieKuin plants and 
the methyl eliloride and (‘thylene boiling flasks, sec (^omni. N'. liiS, 



is therefore the rej^ioii helwetMi its lunlinfr point and its Inple 
point. In Ihe folloAvinj? table is {^iven a 'list of the snbslances 
used in Ijeiden, with the best values of their boiling and triple 
points; 1 liave also added Ihe triple point ])ressiires, the eritieal 
toiijperatTires and the eritieal pressures. h\>r the hett(‘r iinder- 
standing of the following pages ii will be tisefnl to liave all 
these data eolleeled in a table. 
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b\ baths of rajuified ga^cs : and that tIk^it are ga]»s lH‘lween 
- ami - 2r>:i- < and beUM-eii 'dbiP' and 2<i!) ' ( '. In 

the fir.st ga]) tfien* is still ikmui i froie 24(i ’ to 2411" (’. ). hut 
this substanee eovers nnforl unatel v tnily a small I'ange. A\ 
the end of thi-s piper the* <‘i»nst riieii(»n of the ersostats will 
be disenssed ; their ennsi rnetion depends of eours<‘ <in whetiier 
there is a Imiling liquid available or not. 

lii't ns fir.st eonsider tin- different im-thods nsrd in liijnefving 
the. various gases. 

• 

§ 2. ^The regener^itive cycles for the cascade: methyl chloride, 
ethylene and oxygen M. - The prim-iple of Mie easead'* 


} (Jomni. X". S7. Scm- hIso Comm. X*. It $ -I--?. 



of cycles is so well known, that it need not be explained here. 
The construction, however, oJ the Leiden regenerative cascade 
differs in jnany respects from the original arrangement of 
PiOT^jiT# as will be learned from tlie following description. 
Ihe first two steps in tlie cascade of temperatures are made 
by methyl cliloride and etliylcne. The methyl chloride, liquid at 
ordinary tempcj'atui'c under the modcjrate A'apour i)i'ossure of 
about 4 atmos])liT;res (il pure, otherwLs<i a little higher) is stored 
up in a reservoir. In starting the cytde, a certain quantity is 
allowed to flow into the so-<*alle<l boiling flask, made of german 
silvcj* ajul const met ^1 in such a way tJiat it can resist the 
external pr<‘ssurc of the at mosj)he!*<‘ and Jiiay thus be evacuated. 
The liquid fills onh' a small part (»f this flask. The boiling 
llask ends at the top in a very wide eopiun* tube (nearly all 
1hi‘ luhing in tin* eryogeJiie lah(»ratory is of copper), leading 
to a powerful, fast iiinniiig vacuum pump (from tlie Burckhardt 
faelory at Ihisei.s) with a displacement eapaeity of ^J'. aii 
hour, 

Tlie eoinpiession outlet of lids pump in connected witli tlie 
vacuum side of a vacuum and eoinprcssioji pumj) (of the original 
(’oLi.ADOX t\j>e us(‘d hy l^KTjrr from the St^eiele genevoisc at 
tlimevaj; these two pum[)s an* thus eonneete<l in series. 

Tin* outlet of this compressor is finally eunueet(id to the 
above meiitiojied reservoir of the liquid. When the cycle is 
working and both jiumps are running at the proijcr speed, tin* 
stale of things is as follows: the liquid in the boiling flask 
b(»ils, under tlie action *)f the vatnium pump, at the greatly 
reduced piessure of 1 to J.o e.m. at a temperature of about 
— 85*^ to ■ Ihl' t'roni the vacuum jiiiiiii) it goes to the 
eominvssor, when* il is eompresse<i at o to l> atniosidicres (de- 
pending on its purity, the temperature of the room, and that 
of tin (*ooling water of the pumj)), liquefied and finally returneil 
to the reservoir; then it goes again to the boiling flask etc. 
The rale at which the methyl chloride is circulated is fix)in 
18 to 20 gas (under normal eoiulitions) an hour. *Vll the 
valv(*s being regula1(*d jiroperly, a stationary state is established 
and we maintain, as long as we let the j)umps mu, a large 
hath at about This is the first cycle; ffir whieli, of 
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eoiirso, must »il\\ji\s he c*hosoii a siibstiinco which is ivadily 

liciiioluHl at orcliuary leinpcraturc. 

AVi* ar-c lunv ahh- to un(l(U‘tak<‘ the second step in tin* cascade. 
As sul)slanco for tin* si‘con«] cycle ethylene (i*ecoin]nentlerl hy 
( ’aillkikt, hecaiist* of tin* lai*f;(‘ distance* l>e*l\veen hoilin*' point 
and tiiph* point and tin* inod(*rate vaj)oiir pressure*) is used 
iii Leiden. As to the construction <d‘ tin* cveh*. we* mav 

he hrief, l\»r it is ne*arl\ tin* same* as in the* e-ase* eil' the first 
e*\<'le‘, with two c\ce*pl ir.ns (»id\. Kirst that the* eth\le*ne. not 
heinji’ lieiue'i'iahh* at tin* tenipe*rat nre* <»!' tin* i-oohi, e-amiot In* 

stenvel up in a small reNtr\e>ir i as in tin- case* ed‘ the* me‘th\l 
chle»rieie). Tlure'l'ore* a laiue* xe-s.y] e»r Jilt'fs capae*i1\ has 

he*e‘n inserte*<l in tin* c\ ede*. 'Diis iMnitaim*!* can hold a ;^reat part 
ed the* e‘thyi<*nc in tin* Gascons stale*. Scctniellv the‘i'e* has hern 
inse*rtcd a conde-iisation spiral oi e-emsieh rahh* h-nuth ami siirlae'c 
in the* me*th\! e'hhn’ielr heiilini* I’lask in oreh*i* to lieimly tin ' 
e*lhyh'ne*. I*hirthe*r tin* e*\ch* e*uniains a Ihire-k ha re|l \acnnni 
pum[) and a cemipre-ssen* e-inmce-te*ei in sriics. lAae-tlN a*' in tin* 
case* ed* the* first e*\e‘h. \\ ln*n nn\' luuli pumps a I'r rniiidn..; 

at tin* |»ropcr speed, we* have tin* fe>lh>wiim stale* e»f i hint's, tin* 
e*thyle*ne* is ee»m]n*e*.'»se*e 1 • hnt neit liepn*fie‘«l < h\ tin- e'emi pre*ssor 
at a J)re‘Ss:ire* e*f a let ti at me>sphe*res am! flows a! this pre-ssure* 
iiitej the- e*e)mle*nsa I ieiii spiral. 'I’liis spir. 1 »*nle*rs tin* methxl 
ehloriele Ixei'ine' flask at the* te>p ami e*nierees from it at tin* 
bottom, while the* methxl <*hle»rieie vapemr ’’lows e»f e*ourse* in 
tin* e»i)posile- (iiree't ieni dims tin **tliyh in* is fii-st eeee.hel hy tin* 
me'thyl e*l|len ide* \ape»ni. w lliet. .s ahoni le*a\e- tin* hedlin.U 
I'hisk, afterward.^ i s the e*old(*r wipeiiir in tin* miehMe ed’ the 
flask ami enily finalls h; tin Inmiel t.i.-Misi e-hho-ieje ils<*lf. 

The npjecr part ej) the* hoiliim* .’iasK A\orks as a rcL*'cn(‘rateir 
oi* he*at ami lhe*re*le»rt Mic »*_\<*le- iv e-;dle-<| a / < »/< a^'erZ/ee ee/f/i. 
Tee assure* the* pr-.pei' ami e*e-eineimie* worliih”' of siie-h a hoilini? 
flasiv with e*oml«*Jisat ion spiral e*an* is to he* t;j.k(*i! tliat tin* 
rate* of fleiw ed’ tin- m('lh\l edilornic vapon?* ami the e-tliNlcne*. 
tin* N'lif^tli. tin* .siirfai'e* ami tin* h<*at <'ondm*t i\ ily eif tin* 
sj»iral*^aml tin* heat insulalinir capacit\ eei the* wall.s ed' tin* 
flasj\ must he* snch^tlaP : I . tin* rtliy|e*m* is le»tall\ e*omlensci| 
he*i‘()rc r<‘acliiim' its oni’**! ami 2 '. tin* im tliNl chle»i*ieh* \ai)onr is 
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allowed to „y:ivc off all its ^^old" (if I iiiav express iiiyself iit 
tins way) to the efhy4eiie. Tf in the eonstnietion of the hoiliiijr 
flask these <*ondi1ioiis are fulfilled, the ethylera* is eoiiijdetely 
rHlU(*fifd and th(‘ iiM'lhyl ehloride vaptuir h*a\(‘s the hoiliup: flask 
at ahoiif .tin* temperature of the rocnii, xn thal no (.rfrrmil sitfn 
of roUf con he S(<n on the <*opp(‘r tube which leads to tlu' vaeuuin 
pump. All ('xternal sipfus of cold, snow and ic(‘ cm tubes or 
appai'atus. a»‘e sti'ic11\‘ forbiddmi in a <*r\’ojifmnc laboi’atory ; they 
always mean ..waste of cold", i. e. waste* of tin* thin*^ w'e w’ish 
1(» pre*! hold <d‘ and thes are, as such, evidences that the workinp; 
is not so (‘coiumiical as it ouj^ht to he*. It max pe*i‘haps be stateel 
here that in tlie I.e'ideii labwrateirx extinaial sip:ns of cold are* 
almost ne‘xe*r se*e‘ii. 

'l’l)e' fm'tlur workinjur of the e^tliyh'iie* ewcle* Jnax ne)W be 
<h'srribe‘d in a fe‘W we>rds. Afte*}* baxiiip beM*n liejnefie'd. the (‘thx’t(‘n(* 
('iiteTs the e*th\lene Imilinir flask at the* bottemi and boils there* 
umler a pre*ssure <d* about J c.m. at a 1e*mpe‘rature‘ of abe)ut 
lot)*'’ < '. unde’i* the* aediem of the* vae'UUiii pump. The* esmst I’uctio)! 
and (as will be* se‘e*n a fte*rwarels) alse) the* weu'kinjr of this boilinp: 
flask is sej nine'll the* same* as that <d* the* me*1tiyl chle>rieh‘ be>iling 
flask, that it is imt ne*<'e*s.sary lei dwe-ll any lonpe*r upein it here. 
After haxinp: past the pump, the* e*th>lene* is le‘d te> the* e'om])re*s- 
se»r, com pre*s.se*d to b lei (» at me)sphe*re*s. then liejue'fieel ete*. The 
rate* e>f e'irciila’ ieni is he*re‘ tea* about tei 2n an liour. By 
til - e'xe-le* we* leaintaiji a hath at abemt IbO (*, 'riiis te‘mj)e*ra- 
ture* is e'onsi<h*i'abl\ be*le)W the* critie'al point ed' oxx j^en : anel this 
pras ('an noxx he* readiJx li(pie*fi(*d in the third e've'le. ^Phe main 
apjiaratus in this e'x cle* is the Brotherhood e'ompre*ssor ’ ), with 
a capacitx of 2(1 M-‘. an houi’. This pumi> is luhrie-ate'e! with a 
mixture of plycerinc ami xvater; luhrie'ation with oil |n*esen1s 
danper, for the mixture* of oil vapour and oxxpen is e.\;i>losive. 
It e‘ompiesse*s the* oxype'ii in lhr**e sti'^is to about 2(1 atmos|)heres. 
The compi*es.se*d oxypeMi enters the coiixlensatio.i s])iral, xvhicli is 
arranged in the (*thylene boilinp flask very much in tj^e same 
way as the ethylene e'e>ndensation spiral in the methyl cldoridc 
boilinp flask. The oxypeu is ru|iiefie‘<l and le'aves the boilii#^ flask 


’) For an eilele-r Ivpe* (»f P.rollieihooel .se*p re)nini. X®. 51 $ 



at the bottom throiiich a well insulated copper tube, which loads 
to the oxygen boiling ilask. The oxygen' boils there at atinos- 
])hcric ])ressure, at a toni]>cratm*e of — C. 

It is not necessary to lowTr the ])ressuro in this i*aso, as’ will 
be made clear afterwards. A vacuum puni]) thus is not uiccessary 
in this cycle and the ci)nstruction »>f the boiling riask is conse- 
quently much simpler than that o\‘ the ethylene ami methyl 
chloride flasks. 'Plu' oxygen evaporates in a rubber bag. trom 
which it is sueked by the llrolherhood |)iun]), eom])r(jssed etc. 

§ o. The liquefaction of air ' ) , nitrous oxide - ) . methane and 
nitrogen General remarks. - The fourth opeialion is th-' 
li(|nel‘actiou of air. The air is first fi*eed Irom earhon dioxide 
hy lotting it ]»ass thrtmgh a solulitm of caustic soila. then com- 
]U'Ossed hy a l>rt)thevluM>*l ]iuuq» <»f exactlx the samt‘ type as 
tin oxygen ]>ump to about atmospheres, and linally liqiielietl 
ill a condensation spiral, which i* <*ontaincd in the oxNgen 
boiling flask. Tt is <‘olIccted in a laig^‘ cylindrical xa<'uum vessel, 
from whieli it is sytdioned into the s])]irri<'al xacnnni vessels 
of n 1o‘ T) L., in whh-h it is st<ived up. .\honl 14 L. of liquid 
air an hour arc* ]n*ej>ared in this \\i\\ 

A few general remarkN, 

It is Imrdly necessary to .say lliat lliis rather eom|>licated 
plant of legonerative *yeles arrangetl in casrade lias not been 
built 1<i ii<juefy air. lias !n'eh built to \\(»rk <M’\ostats with 
methyl ehloi-idc, ethyh-ne. o.xAgrii aud .some other gases for ])hy- 
sical determinations at all the Icmporatures from --24^ to 
— 217® t'. When the use of \aeunin v(‘ssels heeatm* easy and 
reliable so tliat liqiiid a.r was the {qqnuipriate mean to store cold 
for liquefying and oilier purposes, the a]>para1us for the liipie- 
faction of air \xas added to the tliree existing eyeles aud this 
could he done in a exceedingly simple wax, as nas .shown alnivc. 

Although not less than 4 conqircssors ami 2 big vacuum 
})nin|)B<irc rimning when air is liipieficd, the whole installalioti 

*> CoiTim. N". . W .\!1J: .',1. ^ t and Tj. 

*)</omni. Ni s:*., 

’) C‘'Tnm, N". at, $ I and .*>. 
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works very erouoinirally, l eqiiiriiifr only 2-] H. P., that is 

1,64 II. P. per Tlio Avcll known Linde and (-laude instal- 

lutioils, altlioii^h n j^ood deal simpler in eonstruetion, require 
labout thevsinue amount of ])ower. 

But let us reUirji t<» our suhjeet. Besides the gases already 
mentioned wjine mother gases are somelimes liquefied, as will he 
seen on looking a1 llic lablr in the ini rodiielion. The liquefaction 
is readily effected by tlie cooling agenits of the cycles d(‘scribed. 
generally in i-athcj* simple appai'atiis which will not be des- 
cribed here. 

Nitrous oxide is used only when t(*jnj)ej*atures from — 90® 
to ■ — 102® fbetAV(‘en methyl ehlorifb^ and ethylene) are 

especially wanted; it is the li(piid. which takes tin* i)lace of 
the solid carb(»n dioxi(l<‘; For with a solid it is difficult to get 
a good constaiK'v of temperature. 

Ill the same wa> im'tham* fits exactly in the rather consider- 
able ga]) l)(‘tween ethylene and oxygen, viz. from --161® to 
— 183® ( ’. In this Jcgion m(‘thane is regularly used. * 

Finalb nitrogen is used chioFly in magnet if oxi)erimeiits, wdierc 
magnetically indiFf(‘i*cnt lifpiiil is requii*ed. 

It is still worth while 1(» draw attention to the fact, that in 
the Leiden installation the main substances have their own eoin- 
prossor, eondensalion s]jiral, boiling flask ete., which are never 
usf -1 for another substance. First this is a safety measure. 
Mixtures of several oF the substances used would be explosive, 
and, in using the pumps For different siibslanees alternately, 
llie formatioji of siieb daiigf‘i*ous mixtures eonld hardly ever be 
a\()idefl on account f»F tin* solubility of the snbstanci‘s in the 
lubricating oil. The matter is so evident, that it need not he 
explained more in detail. 

But e\ en if Jio <*xplosi\e niixtiii(‘s would be formed, the use 
of one aj)i)aTatus for only one substanec is absolutely necessary 
to keep the plant always in working order. ( 'OntinuaU^ evaeu- 
atiug the aj)f)aratus, and especially thf3 pumps, would-be an 
enormous waste <d' work and tiiin* and the productive efipaeity 
of the laboratory M(»uld be considerably sntaller than it is tiow. 



j 4 Tlie hydrogen plant ’V ■■ Tiu' t'asvudo iiifiluxt of 1 'utct, 
uldcti - ‘ '<» 11 “' tI'.'su-s of low tt'niperalnrcs. 

j-.,iK iiw - -I"'' <■- ’I’l'*' foiiipi'raliiir wliirli ,caji be 

i \\ith oxviirii, boilinir uii<icf a i.ivksuiv .if a h\\ luUli- 
.. o|7 (•„ Imt tbw tfiiii iTaturo is of iio'avail for 

,i?,.'.i,|iufa.'lio!i of 111.- n.M uav \i/ livdiofioii. f.ir lliis iras has 
t.'iM|..ialmr »i' about -IMi < (tlifusv of u.Mmuill 


Aih.tlaT :i-.th,ui. Mj.tt fi' til'- iMakiuir us.* nf thr 

.lul M-Ki.IAIN fll.M't. li.is it. ]h Jr \m 1] flwcll Il.Tf 

\\\>o\\ Uu' \»nsMlii(in. s *>1‘ otli(*i' h I t In ii'alviiii:' •»'*« ol iln- 

Jt>rLK-Ki:iAiN :it 

(trflinurv i<‘nj/nn*a ? iii'i >. ’Im u’n'’'" a ''liiiii' Im • 

th’oji’cii ami luliiini. fliaf r»'L;rii aiitl }i<’liinii liavn f<> Ik’ 
(‘(K)l(‘tl hcl<AN llu' iiiN |Hiini iu Toft tApaiuliiiv! 

I will nt»\\ a slioi-i «lrs<*v’|»l nm '‘i* Ma- ]i\ni‘nufii inslallal ion. 


it Jiow siaii'Is 

Tlic jifa^ooiis li\ <1 luitrm is <*oiM) 0 ‘CNNCfl no Iti *o -Ml) atin. I\\ 

a s(‘t oi* loiu* i)n!‘iz«ihtal |Mnii|»s nliialiii'<l iVoin ilo' I iiiickijai'ill 
Jaclory at I»asi‘ls. 'Pluw lain tinito sl<»\\ 1\ 1<MI rt N (»lul ions prf 
iiiiimlf*) ainl minjii’oss ilu uas in tl'n npniiTtl pnssnn' in 
r> .stajjos. Tlio rii'sl iniinp <Mini|OTssi.s lo M . ni' »ras an lioui* rmm 
1 to 2 aim.; Iln* sv<*iiimI pump works in 2 sp-ps. tin- hrsl niu* 
1 * 1*0111 2 to Ik tlu‘ siTuml nm* '.’roiii li 1«» 2.i aMn, I’lif tliini aiul 
llic rouvtii ))Uinp a’T conurflru in paralli’l 'inl t*a<'l) (tporatos t»n 
liair oj llu* yas. M'lnw iioil? work m 2 slnps alsin ihr I'irsl slop 
coinjirrs.siiijz rrnin 2”> P* •»<», tli*’ ■'ImmuhI on,. I ruin oil to 2oM aim., 
lull jjjoii<*rall\ a final prossun- •«. l.Mi to 2MM atm. is iisnl. I'.otwtMui 
tin* iliffi-roiil sti'p.N I hr iiwlroi»ri! i'. 1 horoiiirhlN rool(*<l in spirals 
ill {'(xiliiiij wairr. 

The <*oni|»rrs.sr<l iras now comrs into tlir li(Hjrfi(-r. of wliirh 
l’i»£. 1 liivrs a srhrniat iral rrprrsrnlal ion. 1 hr j:as roiiirs in a1 
A whor(‘ tlir tnhr Is dividrd in 2 parallel Inhrs. One portion 


') (’tlhinTi. N", tiiir t.ltl phinti. l.'jS ipip nf-v^ jiltuil). 

’> Tlir f»ri;;iiiJi] lin'u rii'i . ‘>1 vlnrii :i dcM lipt 'mii in I'nil dctnil nmy In* 
f him! in <'t)nif)i. X^ ‘.M^, X. y J, i.v Mill j»rrsi‘r\i'«l to Im* iihim!, if ut*f'rs.Hnr\ , 
a.-j a i i vf* nj.jiiiruvu . 
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of tlio f^as ^ocs through the spiral li (spiral wound tubes are rc* 
p]‘cseJited by zigzag Jinos), the other one through 5'; these 
spirals arc niiited again at C. Tlic hjdrogcn eontinues its course 
thropgi] tJio s])iralK D, E and F and finally expands to atmos- 
pheric ])ressure tln-cuigli the <*xi)ansion valve K (handle A"). It 
is ])artly Jiqueiied, tin* liquid is eollc'cled in the vacuum glass G 
and is syplnjiied through the valves N and S' into the vacuum 
hu]l)s // and //'*. In IJiese Imlbs the hydrogen is transported to 
the differenl looms of tlie laboratory. 

As one <'asi]y sees, llie const ruction of the apjiaratus is such as 
to co(tl the cunij)ress<tl liydrogeii flowiitg in the direction of the 
expansion vidve as ellicientn as j)Ossible by the cold vapour, 
i lowing in the opposite* dir(*(*lion, according to tin* regeneration 
prineijiJe. 

This pi’im'iple is, as we saw, also applied in the eonstruction of 
tlie iMiiling llasKs in the <‘y<*lcs. Moj’cover. eooling by means of 
li<piid air is ahsoInlelN nc»t*ssar\ in tin* <'as(‘ of hytlj*ogcn to 
)n*ing it to tlu* tcnijn-ral ure when* tlu* Jor'i.K-K rii.VLN effect gives 
(‘ooliiig. 

la<piid air is used as a refrigerating agent : it is ])oured through 
the \al\e A into the vaennm glass/.’ ami it (‘vaporates th(*re umler 
a ] ^'essnri* ol about 2 in.ni. hiain1a(ne<l h,\ tlu* action of a ])ower- 
fill vacuum pump i <lisplacemcnt caj>a<*il\ ‘hJO jM an hour). In 
this Wii> i!ie liqiieiier is slaricfl. h’lNun tlu moment that the 
irst. small quajitit\ of li(|iiid is coll(*ctctl in (/ — about half 
an luuir aflej* the beginning of the (*xj»ansion - tlie cold va})our 
of the licpiid hydrogen <hM*s its work in the ]>roeess of rege- 
neration. Ami when finally a slationarx slate is reaeheP, the 
regeneral i«ni ads so well tiiat no exlei*nal signs of cold are seen. 
I’lie ligmv shows ciearix emuigh that the hyilrogen is eooled 
in A' hy the liquid air itself, in D and B by the vapour of 
the air, in />", (' and F h.N the vaiioui* of the hydrogen. Espoei- 
ally intei'i'sling is the ea])aei1y of this ruiuefier to produce 
li<iuid : this is \-\ \j. of liquid an hour in eonlinuous working, i. e. 
for as many ('onseeuli\e Imiirs as is wanted. 

§ 5. The purification of the hydrogen. — Tt is hardly ’possible 

• % 

to oi>erale a by<lrog(*ii liquefier with eommereial* hydrogen on 
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iifcount of till} impurities eoiilaiiied in fJie latter. As these 
iiupneities vci*y nf'len ifninuni In 2 oi* %, lljey ])lo(*I\ the narrow 
spirals aiifl Iho ex])ansion valve some lime aftcn* the startiiif^ of 
llie .‘fp^aratus. It is then ijn])<issilile to work exeii foi* a eou])!'’ 
oi liours.* Tlioioiiahly pnrin<*<l hytlr(»<>:<‘n is nl)soln1(*ly neees- 
saiw. Wh(Mi no li<(uirl liy(lro;*tMi is available, a s(‘parato?‘ M. in 
wliieh tin* eonipryssc'd {jas is i-onled !<» the temperature of lif|Ui(l 
air, may Ix^ iis<il. I hit this apparalns does jiot ileliver the 
hydro^Jii piii'e «‘iiout»h to axoid bloekiii”’: for solid nilropfen 
has e\eii at 217''" « lo^^'^‘sl l(‘mp<*rat tire of lifpiid oxyjjen ) 

a still i*alh( 0 ‘ (‘onsiderable vapour pressure, ^leiierally after the 
preparation of about I litre--»ol' liquid, the liquefier has to be 
stopped and Inated }x‘fore the \\ork eaii be eoiitiuued. The 
e\ a])ora 1 iiif. hydroe-eii. whieli is of eonrse iKO'feetlv pure, is 
lln*n earefidlv eolle,‘t.-d, Vfter some tio'e oi ^vorki^l|Lr in Ibis 
way, a surfieieiit <pirm1ity of pure jias >\ill b(‘ sitired up to ketq) 
tlx* apparatus rmiiiitie for a longer time and to be a)>le to make 
ust' of an im|M*o\ed separator'-') wbieh is in emistant ust* now. 
^riie impti»*ilies are removed iu Ibis apparatits by eooliu^ Ibe 
j;£iseous liydrojjfen d«>\ ii to the temperature d’ litpiid hydropcui. 
The eonst ruel ion of this srparator is extremely simple: a wiilo 
iM)])per spiral is tnounted in a sihered eylindi-leal \aeuum vessel: 
liquid liydioir' ii is spray«*(| by small «juantiti<*s underneatb ibis 
spiral: it exaporates and eoois tlie lobe internally It) about 

2:73^^^ ( ibv- lemperatut'e of boilinj^: hxilrofren, at wliieh 
leiiqx'ral ui'e the xap'Oir prt‘ssure of nitroefn and oxyfjcm are 
(‘iiiirely iu'‘rlij-’'ibh'. Th<‘ i»aseous hxdrofjen flows llirouf?h tlie 
vaeuum ‘ 2 :lass. at the outside of the eohl sjiiral; llie impuj'ilies 
are deposili'd on lh(‘ s]>iral and llie bydi'o^eii braves the 
separator eiilirely pun-, if its speed is retrulated properly. 
Oiiee havinjj^ f>;ot a stfK*k of pure hydi'oo;eu. e()m])ressed in 
eylinders, this stoek must be eonsi<lered as a fii-st condition 
of working:. 

This sejiarator is a small ami handy a]>i»aratus, and delivers 
5 M-*. of pm-feetly ])nre hydrogren an liour. -\s soon as working: 

*) Coimn. N". {Mr\ XI. 

•) Comm. N". '[09b. 
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with this soparntor was starlod, Ihe diffioullics witli Ili«^ impu- 
rities of the coinmereial h>di‘Of?i.*ii were (^uito overcome. 

^ t>. Safety devices. - in deserihin.tr tin* hydro'ren jilaiit 1 
havf been rather seh«'n»alii*al and I have not d\v«‘lt ui»nn many 
details ainl auxilia’*y apparatus .-dthoirn’li they are (piito in- 
terestiiif^ fi*oni a t<*<*hnieal point of \ iow. They m;iy In' Found 
in. the orisfinal memoir'-- Ihit 1 haxj- 1o insist nn lln* ea”e that 
is hestoAved <ni assnrintr safetx in the (‘i-xoirenie laboratory. 
Ilydrojren beinj*- eonduistibb' tlien* is /*sp‘cially dan*rer of 
ex]dosion by mixintr xvith air. r.xc' x possibility oF elect rie 
sfjarks, so easilx (ibtaitied b\ tlie I'riction of ^ornl jrarticlcs in tlie 
eold iras. miisl ]>e axoiiled with the utmost care. 'KIk' same 
a])pli('S to methxl chloride and otliUene. I'lfltx lene has tin* ad 
vautaure oxer hxdroucn ilia* mie «'an simll it. bnl it lias about 
the same densitx as air so that n dms not rise innmMliat elx 
to the er'irmu' like h\droi»« n. \Vr had h arms! I'roin on*- r\pcrieieM' 
xxith Jmdhyl chloriib and cihxlein. whifli snhstanecs are nsi d 
i»i lartre (juatdiiies and at rat In r liieli pressni-rs !*ov to work 
xvitlj hxdrojLren. In protection i- no\‘. stroiej t radii inn 

xvhich has estabbshid itself 1»\ hme pi -leijir m tin* lalmrat orx . 
so stronif^ tliat tin* seicniifi<- and tin- teidn.ii-al p'-i-somiel lake il 
as a matter of eonrsc that in exec\ «-xpe'-inn-nt saiVtx is tiiven 
the first eoiisi<lera1 ion. Woik has often Imsii xer\ seriousix 
liandii'a]»ped for tins i-eaMni bnt e\er\ sa«*rifie(‘ has 1(» he made 
in tiiis direetion uithont sparing in die least tinn or Ironlih'. 
I)ui-inu' some ik'i years’ worUini* xvitii lar'je (jiianiities of e*»m- 
hiistiltle erases a serious a'-eiilcnt lias n» x(-r liappeJn'-l in Leiden 
aji<l jio Ipslamh'T h.as c cr bcmi liurt. 

; 7. The helium plant*'. The liinnfier now in use 
lias maev a<lxantaLres ahoxe tin- oriyimd one. xxliich is k(*pt 
to he used as resc-ixe. It is Imilt acconlinji to ixaetlx the 
same ; riiK'iples as the b.x lipiiefie?’: i. e. pi‘<*Iiminary 
('ooliiiij 'hen- xvitli I'npii.i bxdmjiehi leinxx the invi'rsion point 


('(fTiim. N". ilf <»l«l ].la’ I . I.'.s (tin- in'xv jilnnti. 



)f the JouiiK-Ki:r.vLN cxpansioii tlirou{?li an expansion 

v'alvo; and in tlio stati<fiiary stale eooliniyr by iK^liiiin vapour ae- 
‘ordinp: to tbe re^eiuM-alive j)?'ineipl(*. 

Wc*reprodueo a seheinatieal dvaAvinf«: of ibis liquofior (fiff. 2). 

The "asftous lielinni (*oinpress(*d at alM)nt iU) atnios]die.res enters 
[it -1 and is divide* 1 in 2 spii*als B and These spirals are 
unite*! afterwards and tlion divided ajjrain ii- C and (!' : B and (J 
uro e(M)l(‘d liy <M)ld liNdrofiftni va]>onr. B^ an*! C' by eold lieliuni 
vaj onr. Now llii'se s|»ir;ds ar(‘ rina]!\ united in tb*' spiral 7), 
f'ooled in the e<il<l(‘st [»\({r<»pen vaj.oui* an<l in B eooled in the 
rnpii*! liydi'o^on its* If. F, ih** last re<^en*‘ra1 ion spiral c*nds in 
jlh* expansion \alv*' l\ . Il<'re*tlu‘ lielinin is licpiefied and lains 
tln'onirb a ^a^^lUln tube into tin* er\ostal. whieli is iliris'tly eon- 
ne«*tiM] to tin* li(iin*fi<n*. W** shall «les(*rib‘* this ej'yostat after- 
wa rds. 

As lo tin* storK: *d‘ 5 m rnim, tin* fi»*st *pianlili*'s w(‘i*(‘ pi'epared 
fr*im ni(»na/i1r sainl. In lat**i* yrars I’rof. reeidved on 

s<‘veral *n*easions pr'es<*nts of hriinni or of ,i>asi-s which contained 
more or h\ss coiisidm-ablc (pianlities of lulinni, e. f?. frott) 
Mr. ({roiMJKs (‘i.atpj: at I»ouloj.'n*-.snr-Sein<‘ ;.m(I from tin* Wels- 
ba<di liiidd ('om]tan\ at (ibniccstci .\. Y. I>nt <birin^ the war 
there was in' h»n«icr an\ *'haiM*c *»i such ]n*(‘sents and at last 
tlie <^nanlif^ availahh- was liai'diy ‘JtHt liti*«*s s(» that the situation 
bciran to b(‘<*o!.:t' **riti**al and a new pn^paration was considered, 
if iiionazit** sand conid In* *)blaim*d. ^'or! mial cly this Iroiiblo 
was spai-c*l. 'I’lie An **i'ican N-ivy in lltlit made Prof. Onnks a 
])r<‘s< nt of n(»t le.ss than -M ' of Indium i>r(*])ar<*fl in Ti'xas 
durinj; the war for the fillinjr of airships. Ami Prof. JMc Pknn.xx 
r)f Toi’onto himself broujLifht to Lei<lcn in S**ptembev 1921 a bifj 
c.'.linder, containinjr about ti .M\ *)f lielium, which liad been 
prepared by him in Pana<la for tin' same ])urpos*'. Tlie stock 
of lu'litim is now .so i)lentiful, that it will <-ertainly last for a 
frreal number of years. 

At t1u‘ end of this sUeteh of the Leid<*n helium iu.sl^llalioii. 
1 Avill ouce more einidiasize the fact that the ])laiit is built as 
a circulation apjiaraUis inorc or less in tin* style of a (\vclc of 
tbe PurruT cascade. The {»:as <*irciila1es m»ny times beforci the 
appearanee of tbe first (iro]> of licpiid. If +be j^as eould not be 
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coniprcssiMj aj^aiii nl'toi' the Hrsi expansion and so forth (but 
liad to be stoi'i‘d up e..^, in a ^asoinelerj then a (piantity of 
helium, twenty times as Jar^e as we iiOAr Jiave, would be iieees- 
Stiry, juftit t(» start tlie lupielier. This example makes it parti- 
eidarl\' eh^ar that eirrulati(»n is eiilirel\ Lndispeijsa]>le ill this 
kind of eryon-euie work. 


§ S. Liquid neonM. I5y means of the eyeles of nndliyl 
ehloride. nitmus oxide, ethylene, methane, oxyj^cii and h^dro^cii, 
the Jabora1oi\ has available baths of liquids from -24°. 
down to - 2oi)' ( uith t]n‘ <‘\«*(‘]>1ion of tlie r(‘j^ion b<4we<*n 
217° f(»x\^eii, iKiilinii- innk'V a pressure <»r a few milli 
metres) and 25:1' < *. i h\ ilrojLrtm boilinj^ undm* atmospheric 
]>ressin*r I and tins lejiioii was foi* a lonj^ time unaitalnahie fur 
aeeiirati' iiu'asureiiients. '1 In possihilit^ of a halh of hydroj^eii 
l)oilin‘^ umhu* thi' jiressnre of a few at mosj)h(U‘es lias been 
<‘onsider(’d. but the (*r\ostat has not hern <'onst rneled. With 
a hath <d‘ liquitl neon (hoiIinj»’ point - 24re\J)2 (\, trijile jioiiit 

24«S°.(»7 a siii.dl raii*ie ol' temperatni'o eoul«l he (‘overed. 
Tin* (*onst rn<M ion of sinh a hath has indet-tl I. ’eu a(*eoiii])Jisiird. 
t ’um|)ressor, liquefiei* etr. wtn'e not n(s'c*s.sa r \ . foj* iu‘0ii is solid 
al 254^ ami lhei*e was snfli(*i<*nt licpnil h\fiit»u-en a\aiiahlr 
to obtain 1h<* vlivsiird r<.‘sull witli a very rompael ami sim])le 
ap]»aratns. 'Pliis appar.ilns is ver\ mueh likt* riie sejiarator for 
tlie jUiri I ieat ion of the li\<iro^en. It eonsists of a lonj? wide 
eopjiei' sjjii'al in a evlindrieal varnnm vi‘s.srl. l/upiid livdroyfen 
is sprayed nndeinejith this .spiial. it e\aj>orates and cools the 
sjiiral i’deniallv, if neees.sary down to 2o4° ('. The iieon 
flows tliroiuili the vaenum j^lass at the ontsidi* of the spiral 
and ('omleiises on it in solid or liquid stale. At 2o3^^ ('. ikjoii 
is solid, but by ])ro])er rejjulalion of the quantity of liydrog^oii, 
the si)ii-al is luoufrht to a somewhat liifjcher t('m])i‘ral ni*e. .so that 
the neon heeomes li((iiid and ilrops off fiami the s|)ir‘al. It finds 
its Avay Ihroufrh a vac'uiim lube at the bottom of the vaeuuiu 
f^lass to tin* eryostal, a secomi vaeimm *>:lass inmualiately^ eon- 

q (’omni. N". 117('. 
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iicelt'd wWh tlio lii lliis way a bath <»!* liquid neon 

was aoalised in a vor\ simple way. , 

A small range (d lemperatiuvs could be covered by this batli 
ami in 1915 it has actually licen usetl for llie detei*)niw‘alioii of 
some j)liysical constants o\‘ litinid neon. It lias some advantages 
above a baih of Ji<iui«l or gase<nis Ii\tIrogen especially in 
researches in which electric s]>arks occur; but the main dis- 
advantage was the smallness of its range of tem|)ei‘atures. 
Therefore othcj* methods were introduced, which could bring 
tlic whole i‘ange from IIIT' to ‘Jo:! i\ within Ilu‘ j’each 
of accurate measurements, 'fhesi- methods will be discussed 
latei’ on ^). 

§ 9, The purification of the neon. Working with a hall' 
of liquid Jieon is onl\ ])ossihle if a rather <'onsiderahle (plant il\ 
of neon js a\ailahle. \* t im o; ion***! aln ad; tile pia^seiit ot 
JMi. (.iKOiiGLS \i>:. a largi »jn;mtit\ of gas. «-ontaining the 

laost volatile distdlatioj piiMtuet'*' of bqnid an*, 'i’jiis gas con- 
tained. b(‘side.s helinu.. aboui «»! nenii. In this wa\ the 

lal)oi*atoi’y earn*- in puss«vsi.n. nf a nw itiind'‘< d lilri s td‘ in on. 

For a first [inriti aii'»ii. He- ga-. a,', .^'uidifb'd hy means o! 

liquid hydrogen aiid ihe helium ainl hwlrogen were j)Urnpod 
off; tin’ll I lie ;.e(ni was healed np slow i;, and ih-- e wipor.'it ing 
gas chicily eon.sisting oi netm was stoi'ed up siparaiel\: ihe 
less vola ih imtnirities <i\ygi‘ii and mtrugi'u inen i-mnained 
.solid in tne lutn. Ti»is ojim-ation was i’<‘i»eated sc\eral times. 
Finally it \\as jaissed mvi-r ('tiareujJ in liquid air according to ihc 
well-known methou of l*i'nfess(i!’ I>r.w.\i.‘. Acmi’ale measurements 
slnoved aflei-wards thai this purifieti in-mi was not so pure 

as \\r tiiongl't. 'i’ioM I for*' a >i;ore rofiiu'd and aceiirate method 
of pui’ii'ieai iou was ii«‘sigued and applii-d h\ lio* author, with 
a view' to (h'lerniinaMon of ;!:r ‘-. iileal jeuiii ai>our pres-suri^-i 
and llie reetiliioai' di.-ifioier of ( au.mtkt and .M.viiii.\.s .First 
tlie not hod fh-seribed above was applied, ljut now in au jippa- 
j*atus (Uitirdy made of glass, without any rul/hcr tubing; only 
tie; hiiddle fraelion was us(‘d. I’’iiijilly the neon was allowed 

$ n of Ihi.'i ortif'le. 
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to fl(»w vrry slowly tlirouj>h a wi<l(‘ p;Inss spirjil iminorsofl in 
li(|ni(l liy(ln)«:fn ; llir lia<l to bo kopi below its vapoin* 

pi-ossnro^at - - 2r>:]^' (*. (al)mil 12 m.ni.') in ordm* to avoid solid! 
fioation. 'rnn'cs ol* loss volatile iin]>Tiri1ios woro deposited 
aj^ainsl the walls of Iho spiral. Finally it was fi*aotioiiaf ed 
ono(‘ jno!*e. In ibis way a very pure prodnot is obtained. 

v" 10. The cryostats for liquids. Tntborto. >\e have only 
spoken of tin' apparatus for the licpiefaet ion and the ])miri(*a- 
tioji of* the dit‘f(‘r(*nt jJjises To make a<*eiuale physieal deter- 
minations liowevei*, w <• nerd spe<*ial a))])aratns in whieh we may 
kcM'p tin' leniperatiire of the*li<piid eonstant am] evei-ywhei’o 
the same, ainl \\hi(di ma\ eenlain the snbstant'es ol* whieh we 
want to study the properties at low t<*mpera1ni*es. These a])- 
^>aratns, tin* so-ealled eiwostats. are at tlu' presetit moment 
for us even mor<‘ init'restinjr )M‘rhaps than the litpii'Tyine: 
apparatus, l-’oriinn'ly the slati- of thinys was diff»*rent ; tlu'ii. 
the main prithh-m was tin* liqnefaetion itst'lf and eollet'tinp; a 
b'W eubie eentimeti'rs (d‘ li<pii<l o\yj»:en (»r hydrofjen was a 
sue<'ess in itself. Now the int'lhotls of rnnief\;np: even tin* most 
diffiv'idt inpK'fiabh* iijjst's are well <le\(‘lop(Ml and our attention 
moi-e fixed on the possibilities of <let (‘rininiufi: a<*eurat('ly 
physieal eonstaiits at low temp»'rat uri's Tin* const ruetirui of 
ei'ostats w’itli a eonstaney of thOl i»f a deiire** represents at 
the ])resent moment a most interestinjz: p]*»)blem. 

In Leiden many nnnlels have been in use in the past yeai-s. P.ut 
as we ai’e not .iriviiij; a historiral sketch of tin* developinejit of 
the laboratorv but onl\ a tralher short) aeeount of its present 
stat»*, we eonfim* ourselves to the descri])tion of the lar*i:est model 
foi- universal use with all lifim<l erases (except neon and helium), 
^vhich is employe*! now M. Ki«>:. ll, in which two cuts of the appo 
rat ns are «!:iven, may la* understood w ithout a lon»^ ('xplanation. 
A few rc'marks will <lo. The lari^e va<'uum vi'ssel 1" (internal dia- 
meter 12 c.m.) i'ontains a german silver cylinder, in whkdi the 


’) Wo will iu)l dwell lier** upon tbe eiuiytnietion ♦f ('lyosti^y for sp,>einl 
purposCH. 
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li<|iu»l (a\ora^i‘ 2^^ is pouml. Tlu* j^lass is covered by a 

cap in which arc opcniufijs lor Ihc apparatus, for the inlet of 
the liquid and for the outlet of the vapour (the latter leading 



to a ffasoiiietei’ 1o n Nfir-Muin jminjO. M’lir Ajirmini vessel V is 
enveloped i)y jo- in ord4*r 1<i tlhirniish the rate of eva- 

poration of Iln‘ ei.\«)stat ]i(|uid and t(» iTiqn’ove constancy of the 
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temporatTii’c. (iciicrally, in llio smaller tyj)cs of cryostats 
(which are hiiilt in exactly the same way as this largest one) the 
air is contained in a second, larger vacinim vessel, lint as 12 c.m. 
is aboift. The limit foj* cylindrical vacuum vessels (at least when 
they arc nmde of ordinary „Thuringer” glass) the liquid air 
cnvclo])ing this cryoslal is contained in a g<n*inan silver cylinder, 
insulated hy means of thick walls, filled n]» with cotton wool. 
'Fhe figure shows fui’ther (ns an (*xainple of apparatus) the two 
I'oservoirs Th of a <li nVrential gas thermometer, two resistance 
tliennometers W and Iw^i stirrers R (see also the horizontal cut). 
The.sc stirr(‘?*s woik Avitli valv(‘s and literally ])uinp the ]iqui<l 
round. The sensitive oil manoiiH'ter, hy which very slight irreg- 
ularities in th(‘ pressure are immediately seen, is not rc])resen- 
ted in the drawing. 

'Pho lierniin and neon eryoslats*') are in |)rinei]>le very 
iniK'h the same a.s the er\ostat noAv <l(\serihed only tlieir arrange- 
ment is iliftVrenl. ^losl of l.h(» liqui<ls in use are „trans]>ortahlc’^ 
that is to Na\ , Ilie\ are trans]>orte<l iji vacuum bulbs from the 
li(jU<*faction plants to tlic r(»oins where tlie cryostats are installed. 
AVith lieliuiJi and iieoji this trans[i<»rta1ioii is i.«it, or at least not 
yet, jmssildc on account, of the e(»stliness of the substances (little 
losst‘S in transporting cannot be avoided) ami, as to helium, 
on ac'eount ef the volatility of lh(! liquid helium. Therefore the 
hiliiim and iummi cryostats are (H>nneeteil imim'diatoly to their 
liqueriers in sneli a wa\ that the licpiid flows from the liquefier 
dir<-<'tly throng]] a vaeiium lube into the ci*yostat. 

5 11. The hydrogen vapour cryostat*). We have semi 
in the introduction, that there arc two ga])s in the range of 
temperatures Avlii<*li can Jiot lx* attaiiicfl by means of a boiling 
Ii(|uid viz. fj'oni — 217^^ to — 253° i\ (except for a small i)art 
by Ji<|iiid neon, lliis lias lieen disiuLssed already in § S) and 
from — 259° to - 209° (‘. To attain the temiieratures of the 

*) Comm. N". S;;, IJI :nul M , ‘.Mr, ‘Mr/, iM/, XII. 

•) Conini. N". ll!>, l-'J. 

»,) Comm. M". M7r. 

*) Comm. K". 1 .")!«, loir. 
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firsl :) Iia crynslnt is now in iisr in Loidon. 

( M‘ this instminont. IV. 4 ix'wvs ;i ciiV in fnll dol.-iil. It is a 
i*a11)i*r (‘onipliratod apparatus Init it ^ivrs iho rt'fpiiri'd ronstanry 
oT Icuiporaliin* (()".On very >\(‘ll dnrinji: srv<T:il hours: only 
llio imiforfiiity oT t<*inpcj*atnr<‘ in thr (‘\piM‘iini*nti/»y: <*harnl>rr 
is not yot (*\arll\ wind it oinrht to Im‘, Thi* pi'inciidt* is. that tho 
rx]K‘riin<Mdin^ ohainhor AJ* is hop! at ('(nistanl tcinp<‘ratnro In a 
nn’rtMit (»f (Mild hydrojion \a|;iin‘. l•^•^or^ rntoriiiir llu* «'liainlu'r‘. 
tho hydroiron is l»oat(‘d np (o tin* iiMpiiri-d 1om]j<‘ral nro 1»\ att 
(‘1o<'trio lioatini:’ wiro in wliirli tin* rnn“« nl is roi»nlalod ]),\ a M-in 
doTa'alo aiitninatic arraniroinonf . 

'Dio xaiMiinti \ t'ssri r is hah' ,*‘illo«l with Itipiid li^li'otifii. t]i(‘ 
v<‘ss('l /> contains tho oxpmann^ntal <*haiiihoi- A’, liolh vrssols ai-o 
r(»]mootod In tho \aounni tnhos h and and arc oinoloprtl 

])y lh<‘ hii;’ irlassi s />, and 1'.. as hioh omilains litjiiid air. 'I’lio 

.irasooijs lisdroiirii otifors at h . at a {‘ft ssii a litflo liiLdo-r lliali 
at i':ospjioi ir. is oojidnrt<d t»* lh< huttotn A • ni' Jho srs-scj T 

and rises froio. Thor<' ii* hiihhlis id lin smia,., tho inpiid 

]ndroii(‘H. In this was wo uol a ratio r niof'iiv, and ai Ijnstaljlo 
ovjipfuat i'tii dT ti.o lit|nid axoraiii- litros at! Imnr . 'rio* tna 

p(»ra1inir ItxdroL’on ’‘oihnss tho arrows in tlu .'iirnr'- .n-t! arris os 
at last at l>. at a iMiipoiainn onis s)iLilitl\ ahoso 
in tho loaliiiii- ohamhors. '1 Iwro. it is loatod to Hio ro(|nirod 

toni p» ra t ur»* and ont< rs ii»iiio*dia1»‘ls tlo- o\p< riiii' nlal ohaiiihor A'. 
Idto hoa^ •! ‘-liaMilH rs ('oniain. Ih sj.Ios tho hoalinir mils W ,, tho 
holiijio 1 li"”'i:oao tor // . «*dMiio' 'oil li\- i ho stool «‘apillai\\ i' to llio 
]in*roiir\ ina lunnotor . sxliir-h ro^rnlaios ih InatinL’* ••in*ront ;ndi» 
nialioall/ In tin- o»M(Taoi at .\ |: tho lisdofroon is sliirhtly ti» 

'’'anil, th.il tlio oui'i’ont Is In-ola-n and tho InatiiiL'’ stdps; il* it is 
’oo cold tlion ‘ho mi l i-itin risi s and ’ho oinT«*Ml is switi-hod in. 

1 snppnm. tii,.t litis short a«*oo»tnt will i^ivo a siirrioioni idoa of 
tho ssdrhiii” o/ this apparatus. 

Suoli kind oi* orwrsiat is not \ oi asailaldo for tho second 
ga]>, ^'roiii to ‘jr,!!' i\ 

Jihotn a t lioco'o? tea} poi* I oi' \ii \s, tho loiiipoi'at nn-s in ipi(*slion 
may »l>o i-oaolnd, l i'iior in a holinni \a|»om' oi'Mistat oT the 
.satno niodol as t h<* I ' .h'ooi-ii \ajM»Mr '•I'sosfat. oi' tlio.so Irojow 
tho c/’jtjcal (< nipi-rat nil oj lii-liNiii ' in a oiwoslat with holiiini 
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boiling under iiicroased pressure, l^oth constructions have been 
considered but not yet carried out at the ])resent date. A helium 
vapour cryostat of a construction different from that of the 
liydrogen vapour cryostat 1ms beeii used recently for deter- 
miiialions concerning sui>racoiuluctors. A tlescription will l)e 
]ni])lished before longM. 

') Lc'eli'n Comm. X‘*. 



KTHYL CH 1 X)KJI)K ((',H,C 1 ). 

Jiv pRiUKsSOK ('. llWkJN^ (MJ.IC., M.A. 


Ethyl chloride is a colon rlt-ss liquid a little lighter than water; as its 
lK)iling j)oinl at atinospherie^prc^sure is 12-5" C. it' riia> be handled in open 
''CNsels without nuieh loss and may he storetl in glass l^otlles or cylinders of 
^ quite* moderate strt'iigth. 

It is an ana.Nrheli(\ hut must he inhahsl in ionsidi'ra])le strength before 
it has ;q)preeiahle effect. 

It ‘s very inflammable and considtirable care must be exercised to avoid 
fires. 

• It ’t very <'on\'<‘tuent material for refrigeration ; the following data 
indi('at»‘ its properties as a refrigerant : — 


l.alent heat at o C -- 93*7 eal. per gram, or fj" lb. per Ib. 
SjKS'itic heat i>f li«piid = -348 at - 30'’ (J. to *413 at + 40" 
,, gas -2 2 to *28. 


Siie^'ifie vohime of liiiuid ! 

‘ I at + 30 


(saturated) 


^ '035 gram. 

„ „ 

at -f* 20" is 297 (M*. per gram, 
at 20" is 1305 „ „ 


I he critic il point i> 190“ ('. and 54 atmo.spluTe.s. 

i 1’ 'Mpour pressure curve is shown in the aei'ompa!'i\ ing figure. 

Jt doi s not aLLK'k metals, but for some reiv^on not \el fully explained, 
tile li(]iiid does contaminate mercury, .so 'that mereuiy manometers can only 
lie used for pressunrs less than the vapoui pre.s.sure c'orrespoiuling to the room 
ti m|ierature — i.r. roughly for pressurer* less than atmospheric. 

It atlat'rvs india-runlier, liut vulainised rubber tubing and corks can be 
used, thougli the\' leak a little. 1 liey swell eonsidcrablv, but return to 
llu*ir original si/e wlien the ethyl chloride drit;s off. Ihire rubber tape is 
softened alnui^t to solution. Vulcanite swells moderately. It causes most 
woods to swell, hill lignum vitm <'an be used for valves, etc., when ,'i non- 
conductor of heal is ri*(]iiired. Jiakelite is also useful as a non-condu('tor ; 
it only swells very slightly. 

Liquid ethyl chloride dissolves a small ■ quantity of water, but can be 
dried by passing it through calcium chloride drying tubes. With ^ater it 
forms very remarkable ice cry.staf,; if a shall(»w' glass of ethyl chloride is 
exposed to the air, it dries up and rapidly falls in temperature and ice crystals 
form round the edge, (ondensed from the atmospl^^ri(’ moisture. Ttfe.se 
crystals appear to be tubular and grow rapidly, the ethyl chldrlde .soaking 
up inside them as in a sponL-^c. Similar crystals form at the throttle valve 
in a refrigerating machhui if tliere is any water dis.soIved in the ethyl chloridt* 
and quickly choke the valve. ll is important, therefore, to keep the mattTial 
dry in refrigerating plants. 
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Ethyl chloride is a convenient cooling material for use in laboratories ; 
when sprayed on to any object the temperature is (piickly reduced to 
- 2 o'* C. or lower. 

For mechanical refrigeration ethyl chloride' is very suitable. The vapour 
compression cycle is the one used. The pressures corresponding to the 
ranges of temperature commt)nl\ recpiired are very low, for e\'Uijple for a 
range of ± 20" (^, the pressures are 19*4 and lb. per s(|. in. absolute ; 
the compressor therefore works with a moderatt* vacuum on the suetion side. 
The tyi)e of comjwew^r generally used is a rotary pump (of the Roots Hlowei 
t\pe) Oil being snUible in ethyl chloride cannot tn- used for lubrication.* 



I'ki. 1. 


so pure glycerin is t rnj>lo\<*d ; ihi-* ^epai.ilc> out b\ gt.oity without <lifhcultN. 
'fho on^- serious difficult , in (Icsigning the pti.M is to iiKiki- certain of avoid- 
ing leaks on the low pressu** - side : all air leaking in .a-< uniulale ^ in the <-on- 
densei»and has to lx purgt d from tmic to dine. To avoid air f aks all valve 
spindlffs, compre -.or s.ialis, i tc.. iiavi* to 1m- scaled with e!'e« riM, so that anv 
l*-afegfc is of^lycxrin i.ot ail. 

Owing to tlie low pressure- the voliinu ot lla- jiunip and llm cro.ss 
sections of live pipes are < !Htrmondy larger than ihost in carbonic acid 01 
ammonia plants, (tn the other h.iml tin- strength rerpiired i.s very litth*, 
which iri.';ikes the mac hinery verj s.ifr. 

Reciprocating pumps are not suitable for conipresMjis beaiuse the piston 
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^vod, which is lubricated with gl)(r.rin, rrarries moisture into the pump every 
stroke. The writer has had great difficulties with his research plant from 
ibis cause. 

Ihc inflammability of ethyl chloride* is its most serious drawback. To 
gel over this various “ non-flam ethyl chlorides have been put on the 
market. These are mixtures r)f ethyl chloride with large proportions of 
methyl bromide. The nuxture is not only non-inflammable, but may be u.sed 
as a lire extinguisher. Its properties as a refrigeraU)r are not ver>' dilferent 
from those of ethyl chloride, but as it is heavier than glycerin, special 
’■«i j);ralor.s are necessary, 

InifMire ethyl chloritle is supplied for refrigeration ; it contains a .small 
proportion of inelliyl ('hloride which iiLiy be slightly advantageous, as it raises 
tlic va])Our pressure. 

'rile writer is carrying (lut a «-()mplete investigation of the thermal 
properties of etlnl chloride for the Kood Investigation Hoard (Department 
of Scientilh' anti industrial Research) and complete and charts will 
^hortl) be publislied. * 


DISCUSS [0\ OX LAIiORAnmV METHODS OF 

UQUEEACTIOXX 

Professor C. F. Jenkin : May 1 ask Dr. Cromnieliii the number 
of bent'hcs that can be at'etimmodated with apparatus of this sort. I 
think it would be very inteoNting to know how nia 'y people can be 
doing wtjrk at these low temperatures at the Leyden Laboratory. Is it 
only possible for one or say twenty? 

Dr. Crommelin ; It is \erv hard to .say a definite number, but it 
w. uld be ten or twelve reseaieh stiideniN, or something like that. It de- 
(s ds entirely U]>nii :h»‘ kind of invest igation. 

Di, IVl. W. Travers: Like many others I have been profoundly 
intercsteu in I’rof'essor ( 'rommelin’s account of the work of the Leyden 
Laboratory, whii h I had the lionour of visiting twenty years ago in 
<'omj)an> with Sir William Ramsay. In those days we were interested 
in low temperature research, but I am afraid if I show’ed on the screen 
pictures of <mr plant they would raise a smile. Our interest in liquid 
air and Jicjuid hydrogen was the outt'ome of investigations connected 
w'ith the rare gases of the atmosphere. Wc began our work without a 
li(iuefying plant, obtaining liquid air through the kind offices of Dr. 
llaiiipson and Mr. K. S. Murray, of what is now the Hritish Oxygen 
Company, w’lu» was then commene.ing experiments, the development 
from which lie has told us about this evening. Small quantities of 
liquid air, brought to our lalK>ralory at seven o’clock in the evening, 
were our only supplies for the first nine months that we were enf;agcd 
on this work. Early in the year itSqq, Mr. Rose innes presented the 
laboratory with a Hampsfiii liciuid air machine, and Dr. Ludwig l^ond 
provided the funds for the purchase of a compressor, making it possible 
for us to carry out our work under reasonable conditiAis. • * 

Later in this invcstigatifin it became (dear that it would only be 
jiossible to obtain pure neon by .separating it from argon and helium 
by means of liejuid hydrogen. The problem of licpiefying hydrogen 
without spending much more than on the work fell to my iat. 

'J'he li'^' Tier was con.slructed from stock sizes of brass tube, punched 
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blanks, with only a sinpjlc ca.stinp[. 'J’Ik* liydrogcn was mailo in^ 

a heor barrel. An exhaust pump which formed pt«rt of the plant was 
a blowing pumj), made by one of the students in liis own >vorkshf)j.>, 
\viih tlK* valves re versed, and it was driven b}' a gas engiiu* of a primitive 
tvpe, borrowed from the engineering museum. Uowi ver, the plant 
worked satisfactorily, and gave us siifheient liijuid hyilro!(e« for our 
purpose. Uater, I reconstruett'd it, and carried out >ome researches at 
temperatures down to 14“ K. 'I'hat was in n)03, and since tlu'ii mv 
work lias lain in other dins lions. 

I want to ask one (piestion, which arises out of Professor l*orter'S 
remarks. I always found that I got the liest results with m> hydrogen 
liipielier when the pressure at the lop of the first cooling c()i! was ahoiil 
120 atmo'^filieres, nr less. 'The iwessiin* at i!ie jet must ha\e been 
lower. This was the pressure which w.is ,gcnerall\ maintaiiu-d at the 
gauge while the liipiefaction of the hvdrogen wa.s .ictnally jiroereding. 

I niav add that, on one occasion^ when giving a di inonstratirin of the 
liquefaction of hvdrogen in Perlin, the gas was obtained from f ylindersf 
and W’US successfulK liquefied at a mucli lower gauge pies.sute. W’e tried 
working at higher [iressurcs, but I never remember seeing the pies^ure 
indicated b\ the gauge standing at OMr 120 atmosphere- while the lj([uid 
was running into the rei'eiver. J sliouUl like to ask Professor thommi liM 
if he has obser\ed an iqiper limit ot pressuie ab<tve whii'li liu cooling 
on e.xpansion appears to iT’ inish I ImIicvi lliat he told iis that llu- 
helium plant was run at a low pies.sure. 

Or, Crommelin : 25 to atnu*s!>ht re- whh \)n- hi-hum [)lant and 
150 to 160 with the hvilroeen plant. 

Dr, Travers: Uo you find that at iSo ms miu e. 5 a botin 

or a worse result ? 

Dr. Crommelin : 'I hi re is not muoii diib rep« i , ev - >20 atmos- 
pheres the producing '-apaeity is about liie -ame. 

Professor Porter: J do not expert li\iho_L(n lo ioun at all in 
lemperatui'e in tliroitle expansion ,ii aip h'liipLiatine ii ibt ptc'^sure is 
higiier lt>.in 240 atmospheres. 

Dr, Travers: M> next point i, of pnniie.il imp-iri nu . 1 was, .tt 

trie bec.>'’'nr. verv uim !i afnud tfiat tht ■ ■ •n<iet>-,ii, >n ot eM.n small 
ijuanlilie- of air would 1« a.d to tvloekiiiL, oi' the p:})' s and .'.lojipage of 
the .‘.jiparalu-. 'l’;K>ugb nr; ir.ilrog'-n iMdoubii'dlv ( otUained iraees of 
air, it gave me no troubli . ^ 'r. th. oiiu ’ 'Miid. winn a blof k o» eurred. 

it Was abv.iss Irata-l 10 f;o n tb..i m>:ii ispi r.enei, 

I’rofesso- (Jroininelm V 

Dr. Crommelin: 11'. >i kings ma\ o" nr lai aet'ornu ol ii.ipuriiies in 
the g.'Js or ( ! v;ip«>ui • v.o u-‘ (iii "'qiaraiors, so tiial there is no trouble 
with the oil. 

Dr. Travers: Von t.ike s»>me piecaiiiions, how \ei. 

®r, Crommelin* Ves. then uje oil ^e]).l^ltoIs, but 1 .on not quite 
awart of tne details ol liieir 'onstiin litai. 'Pin re was in iiu i>egmning a 
goo^J deal of trouble with the liquid hydroLen apjjaratus. If you worked 
t|ie. pfinl for liaJf an hon» ir was all right. If you woik»d for a longer 
time tlien*you had trouble. At tin- keiehsaiistalt liiev had treiuble wht n 
working for loiy. [x ri xls. and liiey had to put in a heaiir g spiral, soa^ to b«- 
able to heat the iqipui j-IUt up, < l»-ar it, and then eool d'-wn again. 

Dr, Travers: Professor ^aomruehn sjieak.s of 13 litres ol liijuid 
hydrogen an Ihhu. W'e never obtained more ih.m ^ a litre, \vhieh waf^, 
in t'rios^- aii’A large «piantit\. 
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Dr. J. A. Marker: 1 wouUl like to say one or two words to endorse 
your expression of thanks to Dr. Cromrnelin for coming here this afternoon 
and giving us tliese very intercjsting papers. 1 was able, some ten years 
ago, to visit l#eyden and iiLie some of llie things which lie has de- 
scribed to us. J remember that on that occasion Professor Onnes and 
Dr. Oonin^lin wtjre both present and I had tlie extreme pleasure of their 
own exposition of some of the things they were doing. One thing 1 re- 
member — and* it rcanained with me — whic'h Dr. C’rommelin has perhaps 
not sufficienlly emphasised lo-day, was the marvellous dependence of the 
^epoch-making work that has been done at I^eyden on extremely delicate 
and dithcult aj>paratus-biiilding, and more particularly on apparatus made: 
of glass. One of the things that impressed nu* most at that time \^as 
scHUething which Dr. (^loimiielin referred to this afternoon as a more or 
less ordinary matter — the use of vacuum vcsscK of extremely ('omplicated 
construction, willuiut whichtmany f)f the re sults they ha\e obtained could 
nevt:r have been reaelual. W'lu n at Jayden I was shown a piece of the 
helium filant, whir h was a vacuum#ves.>,i 1 about as thick as one's little 
finger, bent round at a riglit angle. J'his was not a single vaciiuni vessel 
but it eiu;lost‘d another concentric with it, the tiibe.s of both being of egg- 
shell thickness. Anyone reasonabh skilled can iiiaki' a vacuum vessel of 
soit^, but it i.-. (luitc another matter to make one vacuum vessel inside 
aiiolher 

Professor A. W. Porter : There is only ont' point willi which I 
want to (leal, and that is in (’oniieciion with the measurement of the 
extremely low tcmperatiius to which '-c ha\e been introduced to-night. 

Piofessor Onnes has attempted to obtain the value of these extremely 
low temperatures (below’ r K.) by plotting a eurvt* of the reei]>rocals of 
the reduced lemperatiires ag.nnst the logarithms of lht‘ reduced vapour 
pressures as far as the diiectly determinable values go and then extrapolat- 
ing by nieari-. of a linear law, 

I wish to suiigest that it may be possible to obtain a truer extrapolation 
b) nil ails of one of the \arious theoretical curves whic h arc adopted for 
n pie-eiiling vajxnjr pressures. Approximately, f<;r man> substances at any 
we can write, 

h 


TT — (lye 

wiiere tt and y aie rediu'ed pressure and temperature respe('ti\el> ; or 

.'.ince TT -- T when y — i, log ly — logj„y - + //. 

On a curve with the same co-ordinates as Kaiiieilingh Onnes uses 
the slope will be, 


hence it is greatest at the origin and dimini.shes as - increases — ult\piately, 

^ • 

but grad ua 11)', becoming straight. ^ 

1 have determined the constant // in such ?in ecjuatkin taking as 

fixed fxiiiit the experimental point for ^ = 3, so as to be well within 

the experimental region. 'The value of // is 8 ’46 and the curve is shown 
in the figure by a continie us line; Kanierlingh Onnes* curve is shown 
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^ 1 r,.n» tl,r- (un.- J luivf ri-acl otT iho icinptralurcs rorrespon* -no 

lo various a:Ml tahulalu ll.o.n l.ol.nv alo.v u.th values 1 , 

The - rlniks' ^ 

while Mua^Illv to studv the general fornt of the vapour pressure cu.ve 

to extin.l our kno« ledge o! leniite.atui.- values. 
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^^ofess(l^ KameAin^h Onnes (/>/•/» , I cumber i6V/, 

*^22': I qiiitk- with IVofvssor I’nitn lii.ii ii is of iniporluoGi H> 

''liidv < \pf‘r!mL*Jitali\ i!w va{'iOiir pu-sMu* < 'ii\r in liu* n()n>i:\tr,ipolatt*d 
if*^ic#n U> j:ol h'-iu**' ifilorinalio'.j on tlu* ltmp<r«liirr in llir lower 

one. I'lere a ikw inv.-ti^r;,tion ol ihis diflifuli -ulm.i in hand and 
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I trust \vc hall succ eed in extending it to lower temperatures and in 
obtaining im re accurate data than are availal le at present. 

'rht‘ i)rt ^ent data seemed comjxitible with a curve that for lower 
rcidiicod tcMiiperalures becomes finally rectilinear, in analogy with the 
cases given in Fig. 9, 14. When this was the case, then by drawing 

the tangejit.to the experimental curve the values of temi)erature obtained 
would at least not be loo low. 

By extrapolation according to a theoretical formula of the form of 
that given by Ihofessor Porter lower temperatures, and not as Professor 
I Porter finds higluT temperatures, were found. Professor Verschaffelt 
who cah'ulated tile formula which was used in this extrapolation had 
emphasised the theoretical meaning ol 

log,,, TT = A + C logj„7 - ^ 

by introducing into it for \ the redu(vd rliemieal constant for helium, 
and for (" ilu‘ iheori tical value for nionatoniic gases, 2*5, and then 
*nttrng II lo tfu- oliservatioMs. .\ssuiTiing lug,„ tt = - 2-18 for y= J, 
a(‘eoi(liiig the jilotlifig, nm; finds P = 0*53 ; so we sliould have, 
below y — 1. 

I 

^ log,,, TT ~ o-5<i + -1*5 log, -I > —• 

'ria tcnipeiMtures lead fioni tlir eiir\r lepiesented l)y this formula, 


•ooi *02 

au r.eii inwei than thoM' found l»y reetiliivar e\lrap«>lalion. Si^ the 
n -iilb. a^. 1 xnd. imluMte that with the linear extrapolation we were on 
l. ■ '..di* side. 

I > 'r' ien<'< '' ol ''OiiH liundredlhs of a tlegr*'e .siu h as oi’cur In’tween ilie 
re^'Lill'i < ProfesMM I'orler and of lUxsell ire alter all to be eon.sidered 
i> within the limit of uneerlainlN of the e\perimenlal data from which 
we have to «>lart. 
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— I.NDUSTKIAK Micruon.s CJl-' T.IOUEFAC- 
A.NO l-KACnCAL APl'I JCATIONS OF LOW 


TKMl’KK.-VrURlCS. 


Mr. Cie«r}!;e Uootl.sir. President ol the ILilish C-old .Stor.^gc :iii<l 
lie As.soriiilUia, npee.ei! this si-ctimi of the prol■el■llinL;^ with the 
follovviiiu rcm.'irk- 

llot'oiv ('jillin- tin llu aiiiliors wlin .no p.oiiiLi tt» iis ilu ii paju-r.^, 1 
^\ant lo s«v cl won! “r lv\(» on lulial) of iho whw h 1 R-pu-M-nl. 

Fiisl, I woulri like lo t \prt'''' ihoii tli.mk.s lo tiu* l ai.uLix Society toi 

iko honour tlu-N Ilim dom- in inMiina u> to nuoi \\ith \<»ii .mil norifi i 
upon rlif snlijt’ci til low tv inpoiMtiiif*'. llu* Sotuiy whuh I njin-M nt 
in lunu', fp-ilt* lu w, hoc.i'tis • ;hi> i- pr :fii« ..llv iho liioi tiflii i.il Li.nlu rin.u 
und^T tlu* n.inu' of ilu l>nlish ( old StotA.^f nul lit d.^-'Ot i.nion. It an 
aniaigiiin.ilion ol iwi S firlus whit'h Iliv la t n in iAi'Un<i. llu* om* ''iiu i 
ii;io, and llu t.tlu-r siijt t ton uai*' k.ui iluii nunilu’'' .iri* i\ 
on'^dpicd in pua-tUMl i;!V^"'iU‘» rinL;. >lii})-o*w nmi.', .intl uriutal n h i^oratiny 
t)Lisin«.*>.‘» and sltiif ktojjin^ ol W'loiis km<K. .tiul it*' intfri't" tio not, 
llki'ctor^* oonipot.' in au\ wav wiiii tin 1 araii.iv Siuiol) w'iiu h intoi- 
i >U’d in liio soiiuiifu -.jih- ol joh \iuMatii»iL 1 am afraid llial wlu*n thr 
disou^.^ion <;<>nH*^ to dial wilii ii'juiil an and .‘'lu It inaltois, wt* nia\ liral 
ourN«*l\L'‘> a litiio out of oiir doptli. I 'a- iLnipi iat\iiL*> which you liandlo 
ULiilc un(:('’iCLrnt<i!\ an* tar hi \ttnd oiii wildc'-* imagination'^ in llu- natiin 
of ctjld, ai'd our lowest tempeniUire' .in mere summer i rtolne*'S hesidi 
wh.il you .’V ati’Jstonu d It) spt-ak .d/oiH. Soma* ila), • ♦•rha])", liquid air 
and otiur rict*nl proiiiu t^ of--t’\*ntc mav In. m.ul« a\ailal»]o I'ti d.t' ordinal) 
work of ihi ])n.si I wilioij tii pt ri'-h.iiii* • lood, i*ui 1 »lo tml think tii.it is ju-'*! 
\ot. MeanliuiL, lid^^ di>t U''''ien wiii* li i'. to take piaci n -da\ m.iv, ju*rha])s, 
o]H n our e\e‘' to tlu. }jo^''5l)ihi it:" m that dneclioii, and allhnu;ih out 
memhers uay not. man\ of them, Ik able tt» a-si-t nou i.rr\ j)r..i ti':alh in 
ihe diseu.s-'iiJii, wt wil'. hslt .ind le.irn. 1 am sun, ami we will tlo what we 
<*an lo add to tde* knowled^if t-n die suhjeel whu h m.i\ spnnj; from oiir 
prjoiieal e\j)ei.«-nLe. With tlii.se few f)n*liminarv lemaiks I ha\e plea^un* 
in i^tlliiy^ upon Mr. K, S. Murnv. a Ltentleuian wt-l' at quainli d w ith ih* 
iit^pu'iat’tion f>f .nr tor man} \tais p.tst, tti <»prn this tion of tlu 
{•rot .**.1 lings. 



IXDI.-STRIAL MJ:TlI()i)S Ol' I,l(JL' ICFACTIOX AND PRACTICAL 
AiM*ijcA'i'jo\s or row rrMPERA iTiRrs. 

B\ K. S. Mi.kKw, 

■J'lic titk- (if lliis j)a]K -4 w.is not solr< red by Weie J to deal 

with every sulije'et whirh riiiL^hl legitimately be collrrted under such a 
(■'.)in|>rehL*nsi\<- unibrella, I slif>uld#i'eM|iiirt' far nion* time than has been 
allotted to me. I lune llu retoM* <l< <*uled to deal only with the subject of 
the separation of the t oiistit uents of air, uith special rererericc to low 
temperatun liopu-taelion. 

^ Whi.Mi peopU* talk ot sepai.it ing ilu* <*onsliiuents of the* air, nine out of 
every ten h<ive in view only the extraction of oxygen from the atmosphere, 
and. .,'s 1 have been engaged in < xlrat ting vast!) more than my fair share 
foi ih(' last thirtydive veais, the subji'ct is one on which I should be able 
lospeak. with some d- gree of authoiit). In fact, the history of the British 
Oxygen (’omyxinv, wiili which I ha\e been associated for the whole of that 
pcTKui, is so intimatelv hound up with the industrial development of 
oxygen that it is impossible, at anv late for me, to consider the.se subjects 
apart. 

'J’lu'refor^. , lor iiisioriia! aeeuraev, before ilealing with low lem])erature 
exiraclion <if owgeii horn the atmo.sphere, I propose to refer very' briefly 
d) die barium oxide proj cs.s foi effecting the same purpose, as it was un- 
.|(aibtet]l\ In that jiroeess, in the hands of thi‘ liritish Oxygen (’ompan), 
i.n thi* oxvgeii ii^dusirv was founded. 

I’l-.e Ihilisli Owgtn ('onijianv was e^tablishecl in iS86 as the Brins 
Oxygen (’ompany, to take over an alleged process for the production 
of oxygen, patented In two hVeneh brothers whost* name was adopted 
as die title of the ('omyiaiiv. The Brin jirocess was based on Bous- 
singault'.s diseoverv in 1851, that ala leniperature of about 540" C. the 
monoxide ot the metal hariimi would absorb oxygen readily from the at- 
mosphere wiili the resulting foimation of dioxide, and that at a higher 
lemperalLire of about 870' C. the oxvgeii thus ab.sorhcd would be given off 
again and die baiium restored to the monoxide condition ready for the 
cycle to !><■ repealed. 

-•Vs a natm.d eon.seipienee of Boussingaull s ili.scovery iiianv efforts had 
been made to establish a eommereial proi ess for the y'Todiiction of oxygen 
fiased on this ayiparently unalUTahle properly of barium oxide. Jn spite, 
however, of its chemical simplicity, many jiractical difficulties aro«e which 
remained unsurmounled until the advent of the Brins Oxygen Company. 
Even then it was only alter yirolonged and costly experimental work which 
rosiilled in the Brin process being practically thrown overboard, that the 
barium method of ahstraeling o.xvgvn from the atmosphere became an 
established sue' ess. I deseribi-d the process fully in a paper! read before 
the Institution of Met ha'iu:al liaigineers c»n Januar) 3JSI, 1890, and 1 

•.ie;, 
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cannot do better tluin lefer to that paper anyone who may be still interested 
in the proci‘ss. 

Here it is siifiicient to say that the finidamental changes which we 
efifeeted were: (i) working at a constant riirf.ace temperature of about' 
650° change of pressure being relied upon for di termining the respi'ctivc 
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piij <A < i\i' 1,:5 :» . 1 ; . 1 ^. ,■ 'Ci. j.iIum’c l.i'ame. <jnl\ 

a 11 '.iiiMi'e. 'i ' lIi .i;.'* ni'.'*;, 1, -...i .;} d \al\» 

H.' < 50 oprr.n:? _■ 5 ' ■ po-* 1 . 

• 'll- nioe.' . . ill*.':-, il- .-.jipii i\ 1 1’ i>\ i‘i.‘ llii! i' !i ( ) n < 'oujjiaj'A 

Inr iiCj,i\ f,.' ill*’ y«M , IP ’'>'.1 ir Lornii.p, li'i iPii.jii.im. M. iuheviei, .md 
'1Lp-.''oss ‘.M’.ori' . .jfnl .1 ■••n i'h i.ibl* "1 in « J!p,i< iv\ 
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from 5000 to 30,000 cubic feet of oxygen per day, were also erected by 
Lhcni to provide oxygen for industrial applications. A fact which is 
especially worthy of mention is that the first plants for tlic commercial 
Production of oxygen in Pajis, Jierlin, and New 'W^rk, were of the barium 
jxide type and were erected by the British Oxygen Cfompany. 

1 am afraid not a single barium plant remains in existence to-day 
dthoughin point of economy the process does not compare unfavourably 
with liquid c^xygen plants of the smaller type, and it was abandoned 
mainly because it was incapable of producing oxygen of equal purity. 

As early as 1896 the British Oxygen C-omj)any, as the makers of 
Hainpson’s ajjfiaratus for the liquefaction of air, i)ecame c(jnnected with 
low temperature research. 'I'he Hampson apparatus (J^ig. i), which is 
based on a noz/le, or free internal, expansion, is so efficient in its tempera- 
:ure interchange, that when expanding about 700 cubic feel of air from a 
)ressnre t)f 150 atmos])ht*re>^to atmf>spheri(' pressurt:, it bc'gins. to produce 
liquid in about fi minutes with a yield of about 1 litre* of litjuid per hour. 

fi’or the prodiK'ticm of liquid air a (‘ommen'ial scale, this apparatus 
is too small to he of any \alue. On the other hand it is specially designed 
for the (jiiick produ<^'tion r>f licjuid for research purposes and it has been 
idojited for lliat purpose in many edueational esialilishments and research 
laboratories throughout the world. 

• The success whit li atlendi-d the intiodiic'tion of this apparatus, coupled 
with the still more important work of Professor Carl \on l.inde in tiic 
li(|uefaction of air, pointed to a method for the separation of its constituents 
which miglit develop into a rival to the barium process ; consequently, iIk‘ 
British Oxygen (Company, like other concerns equipped with facilities for 
the* production f)f li(iuid air, were quietly experimenting between 1S96 and 
1903 with various methotls for sejiarating the constituents of liquid air by 
partial evafioration. 

It must, liowever, be admitted tb.it the f>roblem remained entirely 
unsolved until the proi'ess ol rectification was disclosed by Professor Linde 
in tbe latter year. J^Vom that dale onwards rectification has been tlie 
fundainent.d priiu'iple underlying every patented method for separating the 
constituents of liipiid .lir. 

The Hritisli Oxygen ( 'ompany were not long thereafter in realising that 
their barium process for producing oxygen was at length seriously threatened 
by the introduction of rectification for separating the constituents of liquid 
air. ^\'e therefore concludeil an arrangement with Professor Linde under 
which we a<'i|uired bis british and British Coh^nial rights in recti ficra lion. 

In 1906 we erci'ted in our Westminister W orks a Linde plant capable 
of ivroducing about 500 i iibic feet of oxygen per hour. It is illustrated in 
the ])h()tograph, log. 2. 

'This jiliotfigr.ipli is of some general interest, bijcause it shows on the 
left-hand side the first liejuid airjilaiii erei ted for the prodiii'tion of oxygen 
in this country, and on tlie right-hand side a portion of the last, and best, 
of many liarium oxide plants erected by tbe ('ompany. iVofessoi* Lindt* 
him.self was so struck with the efficiency and mechanic al .simplicity of this 
latter plant tliat, largeh r>n his ret'ommendation, the two jilants w'ere v^orked 
side by sitle for many mont’ns bc'fore it wxis finally^detaded to substiiule 
litpiid air for iKiriurn oxide plants in the production ol tjxygeif throughout 
the Ctumpany’s factories. 

In 1908, as the outcome of prolonged litigation, which established 
Linde’s claim to the rectification of liquid air, the (.ompany entered into 
an agreement with the Soi'iete I'Aii Liquide of h ranee* under which wc 
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■ acquired the Claude Hrili>h and Kritisli C’olonial jjatentu (vdth the excep- 
tion of Canada), for the separation of oxs'gen and nitrogen from li()uid air. i 
In many of our laetorics we ha\e lo-day Linde and (Maude plants wording 
side by side. AVe therefoie claim to have li.id e.\ee|UioMal facilities lor* 
comparing the two system?* on which the imj)ortant oxyg<‘n industry of to- 
day has been developed in all parts of llie world. ^ 

I no\\ propose to des(til)e and illustrate (liagramm:iticall\ 1 1 u; essential 
features of the Linde and Claude s\ stems, and as I am di\ding with the 
siibiect from the industrial rather than the scientific point of \iew. I shall 
confine myself mainly to facts and figures which are based on piaclical 
experience. I must therefoie assume the pixidmaion (^f licpiitl aii to ha\e 
reai'hed the stage where I inde‘s adaptation of the Joiili. - i’homscii eifect 
and Claude's expansion engine eiiabh-<I tii.it liquid to he jirodiieed in coin- 

!ni o iai .ai.mliLies. 1 must aLo .is- 
"iinu’ the plv.'-u-.d i.iws ituoheil in 
■t-' piodiulion to he genei.dl) iindei- 

sO lOtl. 

! lie Linde pl.int sliown on the Kit 
of riu. a K presents i)i.. earhe-*t l)pe 
emplo\t‘d for tin- st-paialiori of o\\gt n 
fiom li.quid aif. .Siii'h pl.ints roosist 
nti.dh e,i an an f ompiesser : a 
Niiitahle purifier lor eliminating « .nhwn 
dioxiiit . .1 driei for removing mois- 
ture from tile .I'l , a forea oolei. 
uiiieh is kept u»ld h\ mean-' of an 
.immoma or a i'arh(»n dioxide m i- 
<hine; aii'l lin.:li\, the si-paraioi 
• oiKimiiu t’le foeiitii <‘urient he.U 
inieo jungm and the leuifnalion 
column. 

'flu woikiiiL' of sueli a pl.ini i* as 
follows: An flrav. n h\ tlie com- 
pressor thiough d linii- ur (Miistii soda 
purifier m onhi to icmkac '\,il,onic 
.tcid. jt i" then ( ()!iipiessed, under 
I ondition•^ .is n*-ar!'. i^oliieimal a*^ 
liox-ible, to a piessiue of ahoni 
F;ci. 3. — Linde’s single column type almo-'phei es .ind pas'll-!! thimigh .1 
separator. drier eonlaining lum ehlniidi in 

order to leinote moi.sUiu. It then 
enters tlie fore-eoolca where it is eoejed to a leiiiperaliire ol ahuiit • 
an) remaining trares of moisimx- being deposited theie as ire, .ind final!) 
passes to ifie .separator of whir-h a sei tiona! elev.ilion is sliown diagrani- 
inatieally in Mg. The main pipe 1) roM\e)iiig this iompre*sid aii to 
the apparatus is split up into three small pijjes t/ :it the point w'here it t'nlcrs 
the counter-current intcrchanger coil ( '. It p.isses down these pi[)es, wlii< h 
arerepnited into a single pipc//j wlu-n they leave tiu; inierciuingei .nid this 
fiipc r/j whidi is coiled in the vaporiser ii .is shown, is all.iched to the inlet 
ol the valve (t. At this jioini, hy the afljustment of die legulating \a!ve 
spindle 11, the air is caused 1.) e\f>a:i*] tiom a high to a low pressuic ;ind is 
discharged at lliis low pre.ssure througli the rose-ended pipe into the lop 
of the rectification column A. The exjMndeil air fills the i olumn and then 
flows through the only two pf^ssih’e outlet ])ipes rand c which surrriuud the 
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small pipes d thus forming a counter-current interchange of heat, as the 
outgoing expanded air ascends the interchanger coil through which the 
,high pressure air is descendjng in the small pipes d. The expanded cold 
gases, having thus ab*,tracted heat from the incoming compressed air, leave 
the separator at and K as indicated in the diagram, nearly at atmospheric 
temperatifre. 

It is at the valve (i that Linde obtains the Joulc-'Diomson cooling 
efteet and tfiis is made cumulaiive by means of the counter-current heitt 
intiM changer. 'J‘he aj)|j:iratus is completely enclosed in a wooden casing 
;m<l all spaces are pa ('ked with siiilabl(‘ insulating material, consequently, 
after starling the plant with everything at atmospheric temperature, die 
separator gradual!) cools down until sonv.' ol the expanded air begins 
to liquefy and collect round the coils in the vaporiser E. "I’he quantity 
of liijuid thus eolleeted is registered (3iit>i<le the apparatus by means of 
an ('rtliii.iry coloured li(jiiftl which is contained in a glass tube b enclosed 
in a ]'>rcssure e(|ualising circuit as inilic.ilcd. Oiue tiiis stage is reached 
lk|ui<l begins to accumulate ra]»i<fly in die vaporiser H, and the initial 
jiR'^sure of the (;ompre?ised air may be gradually reduced by increasing 
the opening of the vabe li. 

As the lifiuid begins to aceuinulate round the coils in the vaporiser 

the compressed air transmits some oi its latent heat to the liquid. 
'J*hc latter is thereby evaporated whiKt the compressed air is itself liquefied 
in proportion to the amount ot he.u thus exirai ted. The va|)Ours thus 
produced flow u^)wa^d^ through the reclirication column A whilst the 
li([uid formed in ilie eomj)rcsse(l air pifie coil ascends through the pipe 
d„ and is dis<'hargcd tliKuigh the rose-end at the top of the rec'tification 
column. 'J'he teinjieraturc gradient netessarv lor (‘fficient rectification then 
raiudly bvcfunes esljhli>hetl in the column, and the final stage reached 
iinilei wiiich the sep.iration of oxygen is etfected. 'J'he jiipcs (' and iC of 
the counler-cunent intcrc'iaiiger then begin to fulfi theii proper luiu'tions. 
the nitrogen v.qiouis bring deliveivdi through t!u* former Irom the lop 
of the column and the oxygen vapour, rhroug'n die latter from ilu* top 
of the \uj)oriser. I'he ^epa^ated gasi leave the appaialus at (' and I'i 
le-^fK'crlvely >1 or near .ilmosjihera leiiifierature, hciving absiiacied heal 
f'-om tile URou i.ig (oinpiessrd air whilst pai-^ing iij» llu* eounler-current 
in ercli.inger, 

I 'le action which tases place in this tlie simplest type of rcclilicalion 
ctiliiuin. must now In- liiiellv explained arr exaedy the sa.me {principle i^ 
uuolvi'd in .dl others. 

Linde relies for InL tiuqieraiuie grailient on the uifferenci' between 
the boiling jioint ol nitrogen and ox\gen. 'The former is - 19(1' CL, and 
die hitler “ 183“ (’. Li'juid air is dischargeil into tlie top of the column 
at an intermediate temj)cralure of about - 194" C. As it passes down 
nitrogen, being the more volatile compommt, immediately begins t» 
cva[)orale off and llic liijuid gradually Irecomes richer in oxygen, with 
a somewhat higher temperature. .Vs this rieli oxvgtn liquid accumulates 
in the vaporiser it is cvajiorated by the compressed air passinj^ througl: 
die eoil until it is prac tically pure oxygen with a lemperalure \(Vy nearb 
~ 1 S3'" ( L riiciv is thus a temperature gradient cw about r C L. estaVjlishec 
between the top and the luittom of the eolumn. Jatjuid air pas.sing dowi 
the column is brought into intimate contact widi the rising vapours o 
oxvgen and an cxt hangi' of material lakes place. At each stage sonu 
ol tile rising oxygen is condensed and some ol the nitrogen in ilu; descend 
mg licjuid is iwapor.itec^ whilst the li<iuid gradualb gains ir lemperalur 



2ro INDUSTRIAL METHODS OF LIQUEFACTION ANJ) 


until by the time it reaches the vaporiser its composition is that of })racti- 
cally pure oxygen. 'J'he gas on the other hand which passes off from 
the lop of the column through pipe C is inOjinly nitrogen at a tempera- 
ture about tC‘ (I lower than that of the oxygen at tlie bottom of the 
column. The oxygen which rises iti the column to eficct tlu* material 
exchange with the nitrogen of tin* descending licpiid, is carrii d ■ ba<'k to 
the vaptuiser together with most of the oxygen cr)ntained in the original 
liquid ; thus there is a constant accumulation of oxygen whmh passes off 
as va])our through the pipt‘ E. 'J’he gases taken stqjaralely from the toj) 
and bottom of the .ipparalus through the <‘oiinter-current interchanger, 
are made to abstra''t heal from the iiu'oming compressed air on its way 
to be liquefied. 

\\’hi‘n normal o.xygen-producing condiliijns are e^tablished, the air 
supply from the compressor be('omes reduce<l bom 1^5 almosjjberes to 
about 55 atmospheres, the latu*r piessure beinb f(*und siifhcitmi tf) make 
g<jod all thermal lo.ssi-s due t<» fnh'lion, leakage of he.it horn outside, and 
im})erfcct interchange in the counler-cilrTent system. 

This type of separator is e.isy to operate and fiom an es'onfimical point 
of view h.is been found satisfa{ tnry hitherto for usi- ii; rel.iti\elv small 
oxygen prtuliicing plants. A defect, how e\er, of rediii' .ition m tins form 
is th.it although oxygen of high purity <*an be piodiuvd, at i<‘ast 7 per cent# 
of r»xygen is eoni.iined in the waste nitrogt n. b.i\I\’s 11-know n experi- 
ments in 1000 demon,str.ited that the vapour in equilibrium with anv liquid 
mixture- of oxygen and niliogen aiwavs i‘«;ntaine«l moir niiiogeu than the 
liquid and that wiu-n tlie ev.qx^raiting li tiiui is an, iIk pmp.ntion o| ox\ge-n 
p»-*'sent in t!ie vapour is 7 per rr:]\ l’h< »e!.>i« . m .i n tic tifc .nion loiiuun, 
such as this t.irh I/: de l\ pe, wheu liquid .111 --uii r .1: t'.t :o|, .i lo^^, 
..mnunting to obout one-lh*id of r!u nv\gr:j m tin ,iii. un-v itai>h'. 

With large i)lanls this Ih-i ouies .1 rious lu.utet, .md J bt iie-v(‘ J am 
eorriTl in st. (ting that ( 'I.imie* w.i-* the }• ! p* > os, in d. ogn a sep.*r.itoj 
whieh rib\ Mil's this !•> I w-;i], tij t I , i-nw, "I tiolii' (o mainl.iin 
< hronologieal .ir-curae*, briefl;. dts. f;!** ,i : pen! (‘Iicm plant capable of 
fiiodiK'iiig 4,000 eubif fci i oi o.x^een pi; i.nm, v. :ui li l.o^eh iiiqilened 
b\ the britisli Oxvgen ('onijxun .»! .he pie-* nl IniK m ni ,iik all <if tlu ii 
factories in this c(-,unir\. 

'The, ou’sLinding fe.itur ^ ot f’l.iudes pi.-n:^ .ne; ;|| I .K'liUjj, b\ means 
oi .in ext ’’Mon i^-nuin'- 121. \ si lei * - r - a<-n! of 1 I lih adon leudile-d 
jJOssiljie 1 a a I'reiiimn.n; pi:'.;.il -ej,a;..iio'i ni nid luiifvt'n. (4) 

A • ouibined s\sti -i ol la .-t i'.-e ’< Ii lUj • '-d 1 'sing wim !i lemh-rs elu-mi* a! 
abstrai tio.n of moisture f’cm na-au unn *is.,4’ .. 

The wijrking of tnc pl.iin is .is • An i-. d..iwn n\ a c. miiire-ssor 

dirough r’lrifnT.s nmioM- • irbon d.’nxaica^ in the I.iiale plant. Jt is 
'.hen compressed to miximum j>’i>.uie ot ab*mi 44 .umospheies and 
fxissed through w ; verlual lubui.i? lu-at iii.’en hangeis in .eiics. Jn pass- 
ing tliTo^gll till 'Cl ond nf llicsf. It metis Ml ^'ouniei-eurie.n! the- cold 
seqx^rate-d r)\ygcn .iiid nitif)^*'!. p 'iiig (/uiw, nd-. iiom tin* scp.imlnr anti a 
Very itdiiplete int* rrh.ingf of ia-it t.ikt s plate. Ileie- alsi m i.i of r!'C 
moistur-.' Is thrown t low n .is w.iler .nul drawn off .it int«:i v..!-., ilie n maintler 
iieing ,irre*'l*:<J. in the fVTi.n t>f u e; round tin iu'.>e,s at tin top of the: inlei- 
ciiaii.,..-r, Mexmwhile the 'usi iniiT' ii.ing( r whit h [j.nl pieviousb pe:r- 
f.jin.ed the s.'ime hua t.on, ; b- iog ihawer! out by ibt. ii’' passing through 
it, inortlcrto l)c c.nl. lor subse.qiuiu use 'I’hiis these cuerch.nii'ers au; 
oi><M‘.d.i:d as .sU' h .dn rnatfk, being chati'jivd ov-.-r at intervals of 8 
liours. 'I’hc cotujj’cs-.ed .nr leoes the set f»nd inleieliangei at .1 tempera- 
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lure of about — loo*^ C. 6o to 70 per ccnl. of the cooled air goes direct lo 
the expansion engine where, in expanding to about 4 atmospheres, it per- 
forms ('xternal work against a dynamo brake and issues from the engine 
at a temperature not far removed from its pf)int of lirjuefaction. I’he 
remainder of the air passes uc-der full pressunt into an interchanger, 
termed t^csilicpiener, where it is lifjuefjed by meeting in counter-current all 
the cold oxygen and nitrogen passing from the separator to the second, or 
opt;rating, inlt*rchanger previously describi;d. 'J'he cold vapour from the 
expansion engine and llie liquid from the liqu(‘lier both enter the outer 
compailmenl A of the liciuid collecting vessel shown in the diagram (I'ig. 
4) at the bott<jm of the vajioriser, the licpiid supplv being eontrolledby the 
valve shown, which perforins the same fuiu tion as tlie valve (i in the lande 
a[)paratus already des(Til)ed. 

}{> this skilful eombination of internal and external expansion, ("laude 
is able lo obtain a higl)^ ellieicmev 
from his expansion engine. For this 
latter purpose it is obviouslv desiraWe 
to kei‘p the compressed air as warm as 
possible. Hy passing the (ohl gast‘s 
through a li<|Ueliera twofold purpose is 
served. Jorsl, a moderate suppb of 
li<(uid air for making good cold losses 
is assured by ver)' etTe<'tiV(' heal inter- 
change, coupled with ilie I ande method 
of internal expansion. Sec'Oird. the 
heat usefully al)strael<*d b\ the cold 
gases fiom the (•oni[)ressetl air pa.ss- 
ing in e')unler - <'uirent through the 
lujueller, raisi's theii temperature to a 
p<ant which previ'iits them abstra<-ting, 
at .1 later slagt', too miK'h heat from the 
coinj)r»'ssed air j)assing through the 
m tin inlerelianger U) Iced the e\p.in- 
e,on engine, 

Revi-rling to the di.igrani, it will 1 
now be obviou.s that a regulai 
and adjustable supply of Jitjuid air and 
inten.sely cold vapour is fed to the 
outer compartment A below the vapor- 
iser. 'riu* vapour thus a'.eeiids the 
vertical ru'sl of tulK:s li (leading from the tt)p of lliis eumpartment), which 
are ininuased in baths of li(]uid oxygen (’ and J). In these tubes the va- 
[Ktur undergoes [irogressive litpielaelion and oxygen being the less volatile 
consul uent, it is the more readily eondeiLsed and flows back as liquid into 
the eoiiii)artmeiit. A partial .scrubbing effec t, or rectification, altg? takes 
place, consecjuciitly the vapour jiassing out at the top of the tubes is very 
rich in nitrogen. ^J’his rii'li nitrogen vapour travels down a similar^est of 
tubes leading to the inner eompartmeiit E of the bottom vessel w\ich it 
reaches partly in the litiuid condition. Thus in pn«:tice li(juvl contaThing 
about 40 per cent, oxygen is obtained in the outer compartment and liquid 
containing about 4 per cent, oxygen is obtained in the inner one. A 
pressure of 4 almosfilieres is necessary in these compartments, and the tubes 
communicating with them, in order to rai.^e the liquefying point of the 
oxygen -nitrogen mixtures above - 183'' C, the temperature of the liquid 



Pin. 4. — Claude’s separator. 
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oxygon bath, so that li(|Ucfaction may tako placo and that latent lieat may 
pass to the liquid oxygen and evaporate it to a t:orres])onding extent. 
Above the vaporiser, as in the Linde apparatus, is the reetification ('olumn. 
'J’hc licpiid, rich in nitrogen, is conveyed from ihe inner compartment E to 
the lop of the column at 11 . The licpiid containing about 40 per cent, 
oxygen is eon\eyed from the outer compartment A to the column at the 
point K where the composition of the ascending gases should ct)rrespond 
to that of a gas mixture in eejuilihrium with a 40 per cent, oxygen li(|uid. 
Rectification with the correct temperature gradient then proceeds as already 
described in connec'lioii with the Linde separator (Fig. 3) w’ith however the 
important dilTerenct.* that, as rich lifjuid nitrogen rejilaces liipiid air at the 
lop of the column, a corrt‘spondingly lower temperaturt; is maintained there, 
thus extending rectification, with the result that nearly all the oxygen is 
abstracted from the air. The waste nitrogen is taken away to the liquefier 
inlerchanger from the lop of tht* column anti axygen through the pifie (1 
above the lower of the Iw'o (‘omm unicat ing oxygen baths, which latter 
.ire so arranged that a uniform supply* of good tpiality is assured. 

An interesting addition to the separator is a small nest t)l lubes in the 
centre of the vaporiser through which a (juantity of ri< h nitrogen from the 
inner compartment E can Ik* withdrawn as indii^alcd. After this additional 
scrubbing a relatively small, but useful, (luanlity of gaseous nitrogen of 
to 100 per cent, purity, can be obtained as a l)y-])roduel. 

All [xirts of the apparatus subject to tempeiatiires below I lull of the 
atmosphere, are efticienth insulated and when working conditions are 
established, air is delivered by the eompressoi at a pressure ol 26 atmos- 
pheres. 33 atmospheres, already mentioned as the maximum pressure, is 
the initial pressure employed to hasten eoolmg (i(u\n. Ibis is hss than a 
quarter of the initial pressure re(|uired 1 )\ Lmde and ollu i })lants, whirii )s 
not only a fine tribute to the ethc'ii'ncN ol ( liLules expansion engine, but 
this relatively low maximum i)re.ssure enables lighter maUrial and more 
efficient design to be employ e<i in the inlereh.ingias and elsewitere. 

A striking feaUirt; of the expansion engine ts that it wotk^ without any 
cylinder lubrication. Specially treati’d leather, Irom which wMter and fatly 
matter have been renioxed, is eiuplosed as piston packing and it is found 
that, at the low temperatures involved, leather iji this condition remains 
])liable and the engine gives no mote Itoiible tlian an nil lubricated 
machine. 

c lind that ihe^c plants un<ler ilaih working (ondilions ]^ro(luce oxNgen 
of 98*5 per cent, puril) for an expenditure ()l about iiS5 U.H.F. per 1 tour 
or 46 ILH.R per 1000 < ubic feet of ox\gen. The labour required for 
working the plant is no more than is required for a plant one-tenth the 
size. We do not employ larger plants than these as we find them to be a 
unit of convenient size t(»r our oxygen factories. 

We do not employ Linde plants of larger ca]>acit) th.ni 2000 cubic feet 
of oxygen pei hour, hut so far as the .separator is concerned, thi se and 
all larger Linde plants are now' similar in mo.'it Aspects In ihi* Olaude 
designe 

In producing t‘old w’ilh these larger plants, lande d(.>es not employ an 
expalision engine doing external work but still relies on the Joulu-Thonison 
effect produced by internal exj^nsion *)f the air. On the other hand he 
e-conornises power by ci>nipressing only one-third of the air used to a 
constant ])ressure of about 135 almn.spheres and the remaining two-thirds 
to 4 atmospheres. Thus like Claude he admits liquid and gaseous air to 
his separator and a])peais ir: obtain ^imilai lesults with very little more 
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t;\pendit\ire of power. 5 is a iliaj*raniniatic: ilUistraiion of 

separator. 

'I'liis consists of two rectification ff>Iunins, one above tiie other. 'Pin- 
idwer, like the condenser tithes in Claude’s apfxiratus, wM)rks under a 
pressure of 4 atmospheres and the u]>pi:r umlev atmospheric pressure. 'I ho 
high pressuje air at 135 atmos]j!u res enters the bottom va])Oriser at C and 
is liipiefied in exactly the same manner as in the single a])paraUis illustrated 
in Fig. 3, entering the lower column, after expansion, through the rose- 
end shown. This sii[)plv of litpiid air, like that <»f tlie C'laiide li([iiefier, 
makes good all eoUl losses. T!)e k>w pressure- gaseous air i*nters the 
bottom vaporiser at P and passing through a si-parate e<jil is discharge*! 
into the lower eoliimn about the centre, as shown, from widt h point it ri-es 
to a nest of tubes I ) surroimde*! I)y a bath <»f Ii(]uid «>\vgen, as in the (.'laude 
apparatus. Here jiartial li( jiK laelitin takes place, 
and the litpiid falls back *nel the pl.ites witli a 
scrubbing effeel on the risinp \apours. Mo^i 
lof lht‘ oxygen is thus ri;mo\t‘tl antUaeeumu- 
lales .IS H«piitl in the lower v.i]M)riMei. 'J’be re- 
maining gas, ))raetit'all> juirt' niirogen. passes 
oviT to be eondenset! in tlu* external tubes as 
inilieaU'd. 'riuis li'[ipd.>, lieh in nitrogen and 
oxygen respeeliveK, .ire supplied .is in the 
Cljiutle apparatus l(» the iipyKT eoliimn, in the 
]>o.siiions shown, lor final leclifieation. lk>lli 
niirogen .ind o\)gen .lie tlr.iwn «»ir.is imlie.ited 
through a touniei-eunxiit (‘od inuieh.ingei 
similar in * caistruetion 1(» that shown in k'ig. 3, 
ill oriler to .\!»stra(t heat (rom the incoming 
high and low pressuie supplies of.iir. the whole 
bi‘ing similarly insulated. In ihest plants, .is 
in the sm.dier, Linde emplo\s .in auxiliai) 
fore-eo*)ler which is kef)t eokl by .in ammonia 
or e.nbon dioxide mat bine, but lie also em- 
pli'y" the ftire-eo<»lei tt>r st-pe.uiling tail mois- 
iiire from the air. 

1 am not .ible to spe.ik l;om peiscinal ex- 
peri en* e of .1 Linde plant of gr^.'iter eap.iei(y 
th.m .'.000 cubic feel Oj oxvgen ywr hour. 

'i'his latter plant, bowe\ei, abstubs about 
lot) Jl.H.L. per hour, or 53 15.1 l.P. pir 

1000 euhie feet ol oxygen prodiavd. lloih Lnitle and Claude oxygen 
sepaT'.it»)is li.ixe In.eii manula«’lured up to a e.qiaeilv t)f abt)ul i>ooo cubic 
feel t>f oxygen j)er hoin. \Viili such plants ilie ])ower t'on.sumed per 1000 
eubie feel tif oxvgen yirodueed, is about 33 II. I LI’. 1 believe the I ande 
<!omj>anv have .also manufael luetl larger units, for xslu'eh they claim still 
1 »wer <-onsum])lion of p<iwer, but the dedgn .:ntl eon-arut'iion of cTficient 
luMl inlen'iiangers for large <>\\gen plinis is likely it) put a limit tc* theii 
si/e and I \emuie to tl ailit whether e f)lant with much lower eorisun^iun 
o' ])ower ilun 30 li.ll.R per 1000 taihie feel tifi)\\gt*n is possible witb^ue 
regaiil to e'onom)- in t>Lher direelitiiis. 

W'hilsL on llie subjet't ol Inge plant units, rekieiiee may appropriately 
I)e made t*) the well- idvertisial Jeffries Nortt)n proeess which wc have 
U|)eatetlly !»etn a-sm\-tl woukl j)’<»dute oxygen at hd. or L.^v^ p^,- jooo 
eubie leet. 



Titj. 5. — Linde's doable 
colli mn type separator. 
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'The process appears lo be kisecl on the fact that beat interchange 
slioiild take place between high pressure gases, in order to recover power 
by expansion more efTectively than is tlie case in existing sysU;nis, where 
heat is Iransmilted from a high to a low pressure gas. 

In k'ig. Cl I giw a very free diagrammatic illustration of the process 
as 1 under.sUmd it. Air at a pressure of say 20 atmospheies vnters the 
system at A and on its way to the reclifK’ation column b (which is 0])erated 
at only a slightly lower pressure) it is made lo pass through two inter- 
changers, as diagraiimiatically illustrated, in order to heat up outgoing 
nitrogen and oxygen. The former ol thesis first passes through ils intiT- 
rhanger under full pressure. It is then split up as shown, about 60 per 
cent, being heated by suitalilc (“Xternal means at 1) to a tcm])er.itiire of 
alxuit 550“ Thi'- hot .ind fully t'ompressed gas then passes to a 

motoi li, whieh it (hi\os, generating 
^ sufficient power, it is claimed, to work 

" the whole system. 'I’he remaining 40 
per cent, of nitrogen, in order to help 
in counteracting heat influx, is c\- 
])an(le<l in the engine ( !, the exjianded 
gas on its way out of the s\stem 
being again employed as shown to ab- 
stract heat from the incoming com- 
pressed air. 'J'hc sepaiated ox\gen 
leaving the ri-elifieation eoluiim under 
pressure piasses as shown, to the ex- 
pansion engine i\ ami the expanded 
owgen on its vvay out of the system, 
is employed to ab^rracl heat as indi- 
cated from the incoming (ompressed 
air. 

1 ha\c already shown th.H in order 
to maintain trie correct lciii])craturc 
gradient in rcctirication <‘olumns, it 
is iM*('cs.sar\' lo havi* oxygen \apoiirs 
at the b«>tlom ami nitn»gen vapuuis 
at the lo]), but when the inessurc in 
the ('oliimn is neailv the same as that 
of the compressed air entering it, then 
the comlensalion of the latter in licpiid 
oxygi'ii ■-innot he effected and normal 
iectilicalii)ii cannot besta up. In order 
to get o\ci this diflicully and Iransfiir heal trom the tr)j) lo the bottom of 
his column, Norton pku,es a c'oil K in Liu* lifjuid oxygen bath at the 
bottom of the ('oluinn through which an lnclc[)emleiil supjily of oxygen, 
raised, by the compressor F to a jiressure abovi that prevailing in the 
column, is caused to flow^ after being first cooled bf llie outgoing oxygen 
vapoilr in (1. 'J'he ( irculating oxygen is then condensed in the oxygen 
Ixith/aml afterwards expanded through the valve H to a leinjaTatuie low 
eii^Tugh to a'ondense‘ nitrogen. It is then drawn through the < oil M to 
bo recom])ressed by the compressor V in the cnclosctl circuit. 

The Norton process has had the advantage of (Tovernment support 
in the U.S.A. w'here a large plant for llie separation of helium from 
natural gases was erected in iVlrolia, Texas. 'I’he plant was never 
^.ucee.ssful and I understand it has n(n\ been abandoned, a plant erected 
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by tin; Limit* Air Products C.'ompany of the U.S.A. durini^ the war at 
Pf)rt ^Vorth, 'J'e\as, being employed instead. 1 have not heard of any 
Ijlorton plant being suecess|ully operated for the production of oxygen 
and althoiigMi the process lias clever features and is refreshingly original, 
1 am afraid most engineers who have had experience with vcit low 
lcm[)erat’ir^s, will regard it as somewhat impracticable. 

There arejnany other makers of oxygen plants to-day, mostly of small 
size. Nearly all are based on the original Lindi* apparatus (I'ig. 3) and 1 
am not aware of any jiossessing novelty in design. Only one maker that 
J know of employs the f 'laudc expansion engine. In that case, some of 
the air from the main compressor at a very high jircssure and without 
firevious ('ooling below atmospheric temperature, is sent through the ex- 
fiander and then through a heat intcrchanger to the centre of the column. 
'J’liis has certain adxanlages in the prrxluction of li(|iiuJ air but 1 do not 
think it can be econ(»micall>^ adapted to the production of ox)gen. It is 
apparently claimed as an advantage of the system that ordinary oil can be 
used for lubricating the (’ylinder of ttie expansion t‘ngine. It js, however, 
a gri;aler advantage of the flaude system that oil need not be used at all. 

Cylinder lubricating oil is a source of trouble in liquid oxygen plants in 
two respects, (i) Trac'es are always liable to be carried forward and tend 
t(4 foul up both inlcn'hangor pipes and the ('olumn, thus necessitating 
periodical and dihicult cleaning. (2) The other, and more serious trouble, 
is in connection with tlu* air conifircssor (wlinders. The heat generated in 
each stage of compre.->sion, in .spite of very efficient cooling, necessitates 
the use of s|)eci:il high flash point oils and pre<*aiilions to ensure that the 
flash point tenqxerature is not c xcci-ded. Jt has been proved, however, 
that any luhric'ating oil healed in the presciu'e of compressed air beyond its 
flash point, breaks down into sim[>ler substances including free carbon and 
acetylene. These sub'-laiu'cs, parti<'ularly atxUleiu*, .ire liable to be carried 
forward ifi the air and lo a('cuimilate as .solid parik'lcs in liquid oxygen 
baths, thus pioducing conditions which have given rise to numerous ex- 
plosions winch have he«*n almf)^l invariably traced lo the ])resence of 
aci't)lcne. In our oxvgcn fai'tories, until the cause became obvious, these 
inc’idcnls were among ->1 the most disquieting of our experience, but since 
w'e have got lo the root of the trouble, we have gicatiy reduced the risk by 
introducing suitable salcguards on our air compressors. >\’e have also 
taken piccaulions not to store carbide or use acetylene within too yards of 
fair air intake. 'I’lius we are forced lo be very inhospitable in our own 
l.ielories to a gas which has otherwise proved a valuable business ally. 

Hitherto 1 have dealt only with plants producing a gaseous oxygen 
product. Litpiid oxygen can always lie drawn from such plants but they 
arc not the most convenient < onstriielion for tlu* ]>urpt>se. 

It is obvious that w'hen some of the oxygen is drawn away in the litpiid 
slate its value in the interchangers for abstracting heat from the incoming 
air is lost. 'J’his has to be eonificn.sated for by ini reased pressure, i litherlo 
the tleinaiid for litpiid oxygen lias been practitally resiricled to rescue work 
lUid aircraft uses, hut its employment for exjilosives, developed 1^' the 
Hermans during the war, is hkely to extend and ereale a demand for fSij^nts 
[irimarily designcil to produce liquid oxygen. The"Societc I’Air Liquide 
recently supplied a jilanl lor this purpose lo certain mines in Lorraine 
w'here (ierman pl.ints had hitherto been used. It works at a jiressure of 
fio atmos])heres and jiroduces 75 litres <'f liquid oxygen per hour for an 
L?\ponditure of 140 H.I 1 . 1 \ ; le.ss than 2 Jk 11 . P. per liHe. NVe are also 
supplying to South Africa a much smaller pl.int working at a higher pressure 
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which will ])rodiU f licjiiid oxyp;cn for an ti\])cnclilur(’, in ]>()\vcrof 2-5 H.li.l’. 
per litre- and will ulttMiialivcIy produce gaseous oxygen. These results* 
compare favourably with any others I have seen, but 1 am ho])eful that we 
shall still further improve uj)on them in the near future. 

The j)rice of oxygen in the liquitl state must always be more than in rlu‘ 
gaseous owing to the greater expenditure of j)ower involved in hy producli«)r) 
and lo>ses due to evaporation in its use. We sell the liquid at infre(]uenl 
intervals and small (juantities, as drawn from the oxygen' plants in our 
factories, at prices down to js. 41I. per lb. in Dewar vessels ot small capa< il\', 
but to a regular and large consumer very much better terms could now be* 
offered. 

In boriaine, where 1 have seen lirpiid oxygen e\tt*nsively used in the 
iron mines for blasti?ig pu^po^es I was told that it cost i fr. 50 per litu-, 
which, at the rate of exchange prevailing at that time, cf)nespf)nded to about 
7 ( 1 . per litre in this countrv. Either of the li(^(uid oxvgen plants to which J 
have just referred would be easil\ capable ol pindiu iiig tlte h(|uid at this 
figure. '■ 

In recent \ears. thanks to impioved methods of constructing metallie 
Dewar iLisks, the tran.spoit of liquid owgett has bi.vome mm h simplified. 
Jn flasks of 25 litres capacity and uf>wards the loss due t«i ordinary e\ap(na- 
lam 1 am told should not e\ce(‘d 5 per cent, in 24 hours, altlioiigh in the 
mines a much larger peo'entage is of eourse kjsl bs evaporation w hil.^l liu 
cartridges are being impregnated with llie li<|iiid iminediateh Ix'fore tlu v 
ate used. 

As regards the cost td gaseous owgen, litis varies, with the si/e ol plant 
empioved to a largei e.xteiit than m the ( ast of the lujuid. .As evidene< oj 
tht' extent to whidt this (arurs it is only ne<t‘ssary to eompari' tlir cost of 
producing ga.seoiis oxygen by means of present day liquid ail plants of 
maximum and minimum si/e.s. Kdr this purpoM' a jil.int [tioducing 500 
cubic feet ol oxygen per hour may be taken as the smallest practicable unit, 
and lor the other extreme J will take a I '.laud** pi. ml piodiicing 9000 (Uibie 
feel of o\vg('n per hour, for that is the largest si/e ol which I ('an speak witli 
ade(juate personal knowledge. 

.Assuming jtower in eai'h (vise to I'ost id. per li.lI.K. (a .somewhat liigh 
ligure for ilie larger plant) then working eontmuoush to tlusi lull eapacii). 
with ade(|Liate power, labour, maleiial and .1 tair proportion of all the usual 
standing charge.s, in(‘luding intere.sl on capital .ind def>rc( lalion, the ( ost of 
(jwgLii jjrudu(vd b\ lite small plant would hi- h)s. and by the large one 
4 s. Od. per jooo cnbii feet. 

If these plani.s were worked intei mitlent)\ so as to produce annually 
only half of their lull output, llie standing ( barges would tell greatly in 
favour of the large plant. I estimate that the cost of oxygen would then be 
with the .small plant 27s. and willi the l.irge bs. 3d. per 1000 eubi(' feel. 

The.se costs are for g;is into the gasliolder. In the ease ol oxxgeii 
taciories suppiving the gas in evlinders it is obvious that with rt'tjuisile 
supervision, heavit r overnead charge'-. re!ati\ely small yilants in operation 
and iii'llm’tualing demand the cost of oxygen must always be very appreei- 
alilvd'.igher than in works wheie liar gas can lie used direct Irom the holder. 

^ riirougljout theii ‘fact odes in this country the llriuMi Oxygen Oimjianv 
h i\e now jtlant (apable of producing an aggregate of 2 million ( uhie feet of 
(jxygen per day. Our j>re.'*erii sales flueluale betw'ivn -t and 5 million cubic 
feel per wetk, which is le-^s than half the total capacity 01 our planl.^. Our 
jireseiii average fni*'v for oxvgen in cylinders is about 38.S. per 1000 cubic 
teei, altli-mgli 10 man} !.i-ge (.onsumef' the price is sirnstanli.ill}' lower. 
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'I'liis price 1 bclie\c coniiiarus favourahly with that picvailing in ntlicr 
countries willi the piolia]>le exception of (lerniany, where in any c.ise the 
collapse ot tire nrark renders comparison dilhcult. 

* 'Tire secret of cheap <j\yg?n is large liriuid air units worked to their full 
ca[).icity. I>y having incn-a-ed the si/e of our faclorv units since the vr.ir we 
are able n^w to sell oxygen below our pre-war price. 'Die irxygen Irusincss 
has become a good Ixiromcter <>f trade, it has suffered severely during the 
prolonged inthislri.r! dejrressioir, but the demand has been pineptibly 
inc'reasing within tiu' last two months. If tliis eontiniies, as evervbody must 
hope will bt‘ the e.iss- -for it will iirdieale improved ge neral ir)ndilions in 
tra<le — then it will be obvious, fiont lire figures 1 have given, that with an 
incre-ased output still further i\-du<‘tio:is in tla [rriee of oxygi-n in cylinders 
should become ] possible. 

'fire amount of oN\g«.ii sold in this (‘ouiilry 1(»r im*dical purj.ose.-*, of 
tverv kind pn)i).i])l\ does ifcrl excttal 1 pi-r rent, ol the total oulju’t in 
tvlinders. About per cent. i> u-*ed for limelight arid experimental jun- 

All the le-il goes ioindtisirv. *01 tin* industrial u.si-s lor eompie.ssed 
oxvgen lire most imp<»riaiu is now niLlal eulting. 'J'his must repi’esent 
over 50 per (vnt. of the total \iemand, and i.s alxmt eipialh divided between 
sei\ij)-ciill ing, or destructive woik, and much impfirtant constructive wrrrk. 
rile lattei is pia'haps one of the most promi.sing outlets lor owgi^n. When 
tiie oxvgi.'n ciitu r is em]vio\e<l in conjunction with sclt-fctaling proliling 
maeiiuies, now constant!'' being designed for vaiious (‘lasse.s oi work, it is 
i’«'iii>rl to oper.ite almost with tlu' pi'ccision of a saw and with largreati*r I'api- 
f.itv. Oxy-acelv lein wUding ranks next to iiiet.il ('tilting amongst tire 
iiuhistiicd apjrlicalioMs of <;\xgen. .About 25 per rent, of the gas .sold in 
cviindi'i's i^ emplo\((l l«»r llutl purpose and it is luToming olrvious that 
o'\-acet\lene welding (an easily hold its own in a great vaiietv of work 
against ele( tri(' welding and othei processes. 'J'lie remainder of the owgeii 
sold in cylindeis is niostlv emploved l(>r lead biirncrg purposes and lor 
obtaining high tempciatuies in sju-c ial metailurgu'al otreiations. 

In tiit‘ widet fichL of mdiisirv where the use ol oxvgeu has often been 
suggested, as for instate e in lire enriehmenl ol air for blast lurnac'cs, and 
cr eonjimeiion willi steam, lor the eoniiniioiis gasification of fuel, it is 
(.oublful whether the stage has vt tbeen rt*ached when oxygen can be i>r(>- 
diK'cd clieaplv etKjugh even in large plant units to be e('onoinicalIy em- 
()loyed. in (lermanv oxvgen is u.sed in the manufacture of niti’ie aeid and 
acetic a('id, but otherwise neither in that countr)- nor any other, so far as 
I am awai'i*, has the u.se of oxygen yet «levvloped to any ai>preciable c.xtent 
in the chemical indusiry. 

It must be arlmilled that mdustrial development throughout the world 
is still mainly confined to the cylinder Ir.idc. In this ('ountr)', in .spite of 
trade deprc.ssion, the (piantity of o.xygeii distributed in cylinders at tire 
present time must approach 300 million cubic f(‘el pt^r annum ((»f whic^h 
upwards (jf 225 million arc su])plied by the British 0 .x)gcn Com|xin^'). In 
I'rance 1 believe tlic annual oulpul is about the same as here, but it is 
stated to l)e three times as much in the United Stales of Aiiieri#a and 
more than twice as much in CIrcrniany. V 

At tlic outset of this paper 1 c.x])ressed the inteniion of limiting n^.self 
to an interpretation of its title which would permit me to deal exclusively 
with the separation of the con.slitiienls of the air. 1 wish, however, to ex- 
l)lain that 1 had luU advanced far with my subject bei(»rc 1 realised that 1 
should liave to limit iny.self still further and abandon the consicJeralicni of 
all constituents except oxvgen If i attempted any hi.storical review of the 
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industrial production and use of that gas. 1 haw ihcicfore confined niysclf 
to the subject on which ! am best informed and have devoted this jiaper e\-« 
clusivelyy.to axygen. 1 offer no apology for this because 1 believe that the 
industrial iniporta?ice of oxygen to-day warraiks independent consideratiofi. 

During the war the supply of oxygen was described by a prominent 
member ot the jiresent Government as a matter of paramojint national 
iiniiortance. This was certainly no exaggeration at that time and since the 
war the economic value of oxygen in the industrial applK^ations ] havi‘ 
mentiont'd, has been recognised to the full. Unfortunately exaggerated 
claims and statements are very apt to breed misconceptions in tlu'se (liflficuli, 
days of abnormal exchanges and keen international (omyietition. 1 am 
therefore grateful to this important society for affording me an opjjortuniiy 
of {)la(’ing on record what I ])elieve to he a reliablf statement of the 
present |)osition in the oxygen in(histr\. 



THJ-; .\rAN'UJ''A(”ruRi>; oi' hvdroci'.x jn' jhj: I’akiiai, 
iJ(jl:j;i’A(;'J'jon ok \vATj;k (;as and ookic-ovicn cas. 


Hv {ii oKoi-s ( ’i..\ri)i-., fiK 1 ’aki.~. 

ft 

('rrcinsjaUd ])\ M. Hounx) 

• 

r’oi .1 nmnbi'r ol warN J li.ivr lK•(■n in the inamifcicliire 

;)i hytiro^t n l)y ihe |).nlial and direct li<|iieia<'rion of \\aler and its 

inaln^Lies. Tor tlii^ |nir[>U'e water compn sv.^() in a siiitahle di-^rce, 

is^iii ilie lir.sl instance depnved nf its carb(>n (boxide and is dried, '(.'hi* 
.jas is then sent inin a heat evr lianiier \\ !•>:;. i, i?» which il is <“noled 
by cinaiUitinj^ in the npjjodte diredion in the hvdrngen anti carbon 
im»no\id<' which ha\e iilrtadt been vparated. riie ^ms Then entc-rs 
l)\ the (oilecl<»r (’ tile bt)tlf)!ii of a sljeaf of xeriic.il tubes the lower 
portion of which ])liinges into a bath of (Mrbon monoxide boilini;- under 
>lmos|)!ieric pressure. liy the combined inflihaices o1‘ thi‘ pressure and 
d tlte temperalme r)f tlie liqui<l bath a lar< 4 e pt)r;ion nt tile c.irbon 
iif)no\idt‘ of ih»' a-«'endini; i;ases is lifiuefied ; il flows back into the 
olleeinr (’. Owiiyu to ihc pressurt‘ this li(jui<I i.s forci-d throuj^h 
he tube ' 1 ' and the cock K into the >apori>er V. where il replaces the 
htuid wliicli is bcinjj; ev jporaU d. The remaininj^ j^as, contaimn^ hydrogen 
ind a little of the resi<liial ( '(), conlimie.s to rise in the sheal of’ tubes K 
Inhere the gases i iH'ount(. r a tempi'rature which is t»eing more and more 
i*>weretl by naxius wliich 1 shall jae^i-nib’ ext)lain. Lnder lh.it influence 
ihe rest of the carbon monoxide is li«nielied. T/ieofrtinv'/w therefore, il 
s a sensi!)iy pure hydrogen w!u<’h escapes from the lop of the lubes, 
ind il is ibis cold and tompiessed iivtlmgeii whieh is expanded in the 
jox/,Ie I) and further <'o(de<l by this e\]xinsion to be sent back around 
Ik* sbeat ]*', in order tlu-rc- to [iKKlui'e du.* ver\ low U-mpt ratines of whieh 
I have just s])oken. 

In wxHlving this ])rf>ei-ss two sources ol intxanenieiux* were ^ xperieiu'ed 
kvhich I have only rivently been aide to overcome. In Thi* tiisi instanci*, 
when the h)dr()gen is entering the expansion engine at e\tii*melv low 
em[)eralme .'is indi<*aled, tin- frigorific eftii'ienev of the expansion will be 
lerylow. 'J'bcrcisin that case a progressive Kiss of litj.iid, unless w'e go u[) 
[o pressures unduly high fiom the point of view of i-nergy cxperwlilure, 
ind this all the more so bei'aiise none of the customary lubricants be 
•luployed at tem]X'raturcs below' - 200" (\ Hcukv tlu-re is alinoimal 
fri<*tion in the. engine w hich will again lower the frigorific eflicieiK-y. In the 
second instance, the calorifu' ina.ss of the gase.s, leaving the tubes and aftcr- 
wardsthe noz/.K* I) and circulating about ib.e ri .sing gases, will be smaller than 
that of the l.'itter by the whole mass of the carbon monoxide wiiif’b had bee.i 
li(]uifieil by tlieir .action, .-'s a conscijuencc the ascending gas cannot, even 
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j; fiurllrl IumI L*\i*lian”c lo lake place, leave the .sheaf of tubes al 
Uk teii^peralure jjt '.xl.ii h Uil evpanded Liases eiileiecl the tubes. Tlu- Jinal 
tt lup'aature (»! the expansion i)f the h\iiio<;en vV'ill, therefore, not be very low, 
and in additifin this lesnjKratuiv will be b.idly utilised for the j)urirK.ati()n 
of ’di'.' e.'niinu 



Tiicsc various iroifnles ha\e Inen overcome in the followinj^ manner: — 
I. Part of the compres.M d j;as which is enterin;^ the sy.stein is with- 
drawn from the heat exchanger 1C at a point M, log. 2 , bef(»re it arrives 
in tlu cold portion ; it is thu.s rclalivi ly little cooled. Jl is sent tlirough 
the tube / into an au\iliar\ .sxstc'u of tube> (i around which the hydrogen, 
leaving the bnndU and passing on to the no/zle, is being circulated by 
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iiiul which can moreover he ;j<l(]ccl lo the hydrogen, In'fore ils expansion, 
without cuusinj; any comjdicaiion, at lej^l in cases when we are aiming at 
the synthesis of ammonia. A eurrent of conipressetl anti dried nitrogen is 
cooled down lo ahoui its eondejisalion poiiA in the heat-exchanger 1 C 
means of the liihe system X\* ; it is then added to the liydrogen at /, In'fon* 
the h)drogen enters into the no/zK*. Jn this way then we se(;nj;e accept- 
able conditions lor the lubrication. .\s a first conseniu-nce the temperature 
of the e^' iping gas is tusily lowi-red down to -- 208' and 2io"('., as 
soon as we lubricate In means of nilrr>gt'n. As .1 se<-ond eoiise(|uence this 
addition of nitrogen to the gases K'aving the tubular system inereases, to 
any extent that wt* desiie, tin* ealorilic mass of tiu* expandetl gas. 'I'he 
latter gas may tht'refore ejjiial or surpass in mass that of the gas ascending 
in the shea! ineluding the carbon moiuixide whii’h has lucn coniiensed 
in this pari of ihe tiibis. As a result the temperature of expansion is con- 
siderably im[)roved, .ind it is inor(‘o\er much bi/ter utilised. W'e can imleed 
easily eliminate by lhes(' means the eaibmi monoxide within j pt‘r eenl., 
and the hydrogen finally isolated can v'ilh«)ut an\ diffieiili\ he us(‘d in m\ 
hvpcrconipfyssion yircxvss lor llu- sxnthesis j)f ammonia. 

This process has been (N‘\eln])ed and piii into pra«‘ii(e in ih<‘ wnrks 
of the (Crande Paroisse, near Montereau, where an af)[)aratiis for the pio- 
duotion ol 50a ///‘^ ot hydrogen per hour is in operation, lei'diiig a unit lor 
5 tons of ammonia per day. 'Phe carbon monoxide, containing all the 
nitrogen of the water gas it should be nou d, is disi'liarged at a penviilage 
whi<'li ma) (Msily be raised to 85. 'J'lie amount ol pure hydrogen olitained 
by this method is thci(‘fore very sat i start or\. 'i'he carbon monoxide may 
lie utilised, either for th<* manufacture of vaiious ('hemical products, <>r foi 
driving the internal etunbuslion motors ol the iiist.dlatien. 'I'he latter 
utilisation has been adopted in Montereau. 

'I’he pro(X*.ss which I ha\(‘ outlined i<‘i|iiires the comjuvssion of ih* 
ga.scs lo degrees, varying with the size of the ayiptualiis from 15 lo 
atinospiieres 'J’lu* first figure apjilies to apparatus i>f a eap.u'it\ of 2cot. 
//r* of hydrogen per hour. 'Plus process necessitates the, command of a 
relatively high motive power, and one may tlraw atleniion to thi‘ atlvanlages 
offered Iw pro<H sses baseil ii[)on the catalysis of ( T) into ( '(b, siu.h as an- 
employed in the IPiher proc«*.ss. J have iherelbre only studierl and tried 
this process with a view ol its ultimate apidication to a ji irlii iilaily interesting 
case, that of the coke-oven furnnees (and aKo that of town gas) in which the 
pri'.senf'e of a {'onsiderabli- fiortiiin of inelhane renders ealalylli pioces-t.-s 
inoperative. 'Phe (Omplexily of the gas mixUires we have to deal witli 
in this ease and the diversity ol the free/iiig [joints of ilu* I'onstitiieiits 
may make us fear that we should hav< lo meet serious dilhcullies in tht' 
w'orking ol this process. As a matter of fart, howi-ver, an apparatus 
has already been consiiucled for this puipose and it ha.s, after very 
short trials, been pm .successfully to service in the Ihbhune mines. 'Pbc 
essential cmise of the success is the very high re<-ipro(^al solubility of the 
diverse Vondeiisable consiitueiils. This first apparatus has a jjToduclivr 
capacity of 350 nr of hydrogen [ler hour, and it is operating with a eom- 
pre.ssi^r of ahoiil 27 aiinosph<'re.s. .\n installation for the utili.sation of the 
liydrogen produced by means of this anjiarat us in ihe maiuitaclure of ammonia 
by the applicuition of liyperc' mpression has idready heiMi erected and is 
actually being pul in working order. 1 hope that this in.slallation will be the 
point of departure fora much mon important installation in which 1 inti-nd 
to make use of apixiratii"- inr die prodiu tion of 2000 nv^ of hydrogen [x-r 
hour. 
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One of the essential reasons that make me (‘ount upon a develnpuKMil 
of this process in the eoke-oven in(liistr>' lies m the many indirect ad- 
vantages whicli llie process iimmises. 

• On the one Imnd, sinc'c tne gases to he treated must already be com- 
I>ressed for the extraction of the hydrogen, we are naturally led to enVel the 
stripping gtthe gas ()f its benzol likewise under pressure. All the benzol 
whicli at present escapes when the. process is carried out at atmospheric 
pressures, will* then easih be retained : tliat will constitute a gain whic h in 
certain cases may c*ome up to i kilogram of benzol p(‘r ton of coke. 'I’liis 
improved rec'overy will moreover be attained by means of a greatly reduc ed 
amount of solvent and of heal energy, and at much diminislitxl losses of 
solviMil. The recovery will lie c ffecled in absorption and distillation ap- 
jiaratus of comjiaratively very small dimensions. On tlie other band the 
ethylene, tliis precious gas, tlie peo'entage of whic h in furnace gasc-s is too 
low for its extraction with mucih smxvss at a tmo.spherie pressure, may e.isilv lie 
c'olleeted to a large extent in the course ot the operations. For it will be c‘on- 
deiist^l almost alone in the jiivliminarw *‘o!cl-c-\ehanger of the* apparatus, and 
it can be' extracted as a 40 or 50 per tvnl. mixture which will \ery readily 
Ik- utilisidiK-, either lor the manufacture of aJc-ohol or for use in autogeneous 
Welding or similar uses. J’o give .ni i( 1 c.*a of the* po.ssible im[>orlance 
of this by-produ»'t 1 may stale that, supposing the furnace-gas treated to 
c’ontain 1*5 pei cvni. cjf etii}!ene and that it can all be extracted, this would 
c‘nries]K)nd to our oljlaining 200 litres of alc'ohol p»‘r ton of ammonia in 
addition to otlier procluels. 

Idnally 1 should lemark that Irom ilu calc^rific* standpoint hydrogen 
must be' regarded as tin* very worst of all combustible gases. One cul)ic 
metre of ludrogcm represents only al>out 2600 c alories (lower calorilli- 
power) against the 3000 calories of earl >011 monoxide and the 10,000 ot 
nu'tliaiu . W'iien theiefore we c:xtr4K't the ludr<»gen from eoke-oven gases 
we, in fact, enric'h the gases in a true- sense, and it is a considerable en- 
richment wliic-h they undergo, sinet* the) become lit for uses for whic'h 
they would oilu-rwise be unsuitable. When the gas is to be distributed 
it will Ik- com[iIelely free of csery trace of tin- condensable impurities that 
cause so much misc-liief in our actual gas distrilmlion systems; when il is 
to be lUiiiM-d .is industrial gas, il will enable u^. to c^hia.in extremely high 
ti-mpc.ralures and to ccjiubine, for instance, under specially interesting 
conditions, the production of nitric oxiele by the Ilaus.ser proce ss w ith llu- 
synthesis of ammonia. 

'riiese are the principal adNantage*.-^ of the process wiiicli I haw the 
honour to de.M-rilx' before you. I should like to emphasise that one of the 
characleiistic essential fiMlures of the ])ro<'ess the eMrenie smallness of 
the nec:c:ssary apparatus. An ap]Kiratus for looo nr* of hydrogen per 
hour reijuires a sheaf of licpiefaction tubes, 40 cm. in diameter and 3 m. 
in height. 



j'liK rR()j)U(Ti()N or o\voi-.n kor i;sj. on air- 

ora io'. 

lis a. Okiniriis. 

rVKT I. 


SioK\<.i \Mi Ti; \\ -ki ».i; 1 (w I,!iM [|> 

Introduction. 

CoiitaiiUT.s itsMilaU-fl willi malt-iial." .<(' ]u,'v ihnin.il ooinliicuvitv . 
\ aciiuin insulated tontainci.s. 

(ilass .'ii'ul porcelain contaiiiei v 
Metal containeis. 

Absorbent rnateiial lor removiiii; residual ‘iases. 

(n) Cliartoal 
(/f) Silica ijel. 

Precautions to be oKserved in exhaustn''^ tlie iiittrspate 

Kate of loss fioin connneieial \es 

Sejiaration of the theinial leakaf;e miU* its c«»niponenU. 

(a I Conduction down the ncvJ-.. 

(/>) Conduction thronf^h res. dual :;as, 

(< ) Kadiation iranslcr between tin walls. 

(</) 1 se of a ladiation shield. 

Muhocls of peneratipi; fioin ;be liquid a.s desiicd. 
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PKoni’ei ION oi Liqlio O.wi i-n. 

Hesciipl'on of laboratory plant. 

laquid ox\gen pl.int with expansion viij^inc. 

Portable Claude type oxyK^n plaiU. 

r.\K'l 1 . S’lOKAr.l. 'I'k \.\sPOR I' Idnlll) Owc.I'N. 

Introdui iioiL 

'riu .'itmosphcre i.s .so alU-nualotl al liit- alMtufie.s al Avhicli l]yii\c 
iiiiisl he tarried out for et-ilaiti tnililai) purpovs iltat tlu* hiiiiiaii lungs 
aic unahlc to obtain the lotiuisilt- amount td oxygen for norni.'i) re.spi ra- 
tion. 'The (juantily of owgtMt absorbed pi‘r minute is alxiul 3 to 4 
litres out of a total volume of 60 litres of air uieasured at ntirmal 
temperature and pressure. 'I'lie weight of air p;A.s.sed through the lungs 
ill 2o,roo feel is reduced to half and ihetefore needs to f)e considerably 
enrieh^al in tixygeii. Oxygen apparatus must sU|)pl\' about 4 normal 
litre/" of gas at these ubeig! its for comlort and safely. 'I’he oxygen in 
the early days was carried in cylinders under [irtssure, liut the weight of 
‘'Uch cylinders^ is I'oiisiderafde, and a reducing valve is also retjuired. 

If li(|iiid oxygen subsliiuted for high jiressure gas the litpiiried 

’ See Report of (i;c^ Cylinders Connnittce, nj2i. 
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gas is (a|iiivalt-nl to (•otni)rcsso(I gas at r2,ooo Ilis. jk-r sq. inch as against 
iSoo il)s. whioil is tho higlicst pressure that can Itc c(invcni<*ntiv 
used in cylinders. 

The fuudiunentid dirticim\ attendant upfin the use of any liquified 
j^iVs \\hos<! eriti(.id leniperaturi: is niiieli helow norma] atniosj>htTi(' temper- 
ature, is Uit* mainti'iiance of tla* eonlainiii^ ves.st'] ('oid enoupfh to stove 
the liquid during trans])on and use. 'jiierm.d lea!>a-i* must usually 
he fxud for By evaporation of the liquid, and the involved gas caiiiun, 
in general, he utilised. 'I’he emplo\menl of the licpjid gases may 
therefore heeonu; very iiu'tifieient, unless tliu* <*are is taken in selecting 
a ymiper container. 

In dealing Avith li(jiiid oxygen, lor t‘v.imple, a tempiTatiire of — 

C. must l)e niaintained and as the latent heat of owgen is only aho'ut 
50 gram-(*alorie.s a litre uill lie evaporated for every 72 <*alories of heat 
that leaks in. 'J'his (juantil^- of heat is roughly equivalent lo the (‘on- 
diietion into the vessel hv a 1 em. length of eoj>per wire o‘oo.^ sr]. (‘ins. 
in. area in one minute for a temi>*rature difference of alioiit 200” ('. 
helween its ends. 1 he heal leqiured to raise llie gas from its hoilin-' 
point to the temperature at the exit Horn the iieek is not Usually obtained 
from the spherit’al ])ortion of ihe vessel, Imt this lu‘at absorption influences 
l^e c(mduction along die neck onl\. 

k'nr the high older ol in.sulaliori ne(essai\ in die storage* of licpiid 
air and o.x\gen, tAAO classes of (‘ontaineis have lieen used; firstly, ves.sels 
insulated with layers of matiTi’a] ot low (‘ondiK'tiA ily, secondly, doulile- 
walled ('onlaincrs (.‘vacua ted to pr<)\id« a \.ieuum s]).iee around the innt‘r 
\ essel. 


(d) Coutditurs <»/ /a»iv ’/'/h'fffui/ Conduxtivify. 

— I'or ordinary si/e vessel*; the Use ot tiie lirsi meihod is piac'tically 
out of the (juestion sinc'e the maUTi'als available ?'ave for the thermal 
conductivity at low temperature a value not iippre('iably difTerent from 
that at room temperature, and die iuai ('omliietion ihiough a moderate 
thi(*knes'. is usually very ( onsiderable, l'i>r iristaiiee, an experinientai 
vessel was made holding (jo lbs. ol hijiiid owgen with a thickness ol -y 
inches of magnisia ; this vessel ev.qioraled the eoniem • in one day. 

'The robust natuie of this iy[ie ot vessel vvouh* make it admiralile 
for tr.iii qiort, but it is also open to several objei'lionx, nanieU : — 

1. ]t is very dilfu'ult td mainl.iin die insiiialioii drv, in view of iht* 
unavoidable eonderi.sation of dew over die exienOr suil.iex, and a sta'a* 
of diyness is vital to the eflicienev ol the in'-ulalion. 

2. i’lu* vessels are bulky ,nid heav'v. 

I'liey evajiorate a very considerable amount of li(|uid in ill'- 
cooling down of the insukilion. 

Ill the ease of vessels in constant iisi* for storage purposes, the kis: 
objection would hardlv a}}ply. 

InsulaU^d vessels, rL*sembling “'t hermos" iLi-ks, an- made commereially 
for lioiiselioid use. I'liey have welded steel inner and outer sluTlls with 
the interspac'e packed with a lorm of natural graphite, and ;*artialiy 
evacuated. Such vessels are of but lilde use as li(]uid air comainers, 
siru'e the rale of loss is of the order ot grams ^>ei hour for a 4^ litre 
capacity V’essel, and slightlv le.ss lor a 2 lilie capacilv vessel. 

This rate implies total ev.ijioralion ol the litpiid in aliuut Ki hours. 

It may be rem.irked dial tin* high rale is jiartly due to the sliou net k 
and its large diameter. 

{//) racdi/m Jiisuidtt'd Co/ifdimrs. —The altern.dive ivpe of vessel lo 
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Of course ;i vessel will often show ;i rale many times this \alue aiui 
tluMi re-evaciiiition prodiu es a (aui^iderabk; improvement. 

(ilass vessels with a ei^jacity of 5 litres (one gallon) have been 
iflade, Init tli(‘ir fraf^ility renOei^ them of little ll^e fuitNide the lahr)rator\. 
In any east* it is necessiiry to syj.hon the liquid out of the large sized 
vt'ssels ufvJhe stress on tlie neck‘‘' heeomes excessive when an attempt 
is made to pour out the hijuitl. 

Large vessVls are verv dilheiill to eonsluu i. 

.I'.fiTorls have been direete«I ttiuartls llu; development (»f pt)rcelaiil 
vacuum vessels of large si/e, siiu'e experiment indicated that this material 
was suilabli* for the purpose. Hovvevei, the quanlitv production of 
such vc-ssels has not been pi'o(\edi‘d with, as tht* met'd flasks show marty 
a<lv. images. 

In (iermanv j)oreelain vessels vvtae manufatlured of large si/e and 
u^ed for llie transport of liqjid oxvgen, but llie manufaetiired now seems 
to have bt'en abandoned. 

. (r/) Mttal CofitiUficrs . — Metal viuuum vessels art; now constructed 
t oinmeieiallv it) varirjus si/e.*,, tin* usual Ittrni is shown in l*'ig. i. The 
inner and outer shells are made up of hemispherical spinniug.s soltiered 
together along < ireumfeiential seams. 'Jdiese seams are marked s in 
ing. 1, and are made hy the Um* o1 a blow-pipe, each joint being pre- 


I'U.. 
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v'ously tinnetl. '\’re is neeess.nv in the U'-e of flux as spirits are apt 
to [tftielrate into the inner s]>at e and dull the polish, tvim rosin ItMves a 
decided atmosphere in the flask. 'The bottom of the inner neck is 
flared out Itt eanv the weight .eul also well .soldered as it is here that 
fracture generally occurs, 'rhe top of the neck is finished with a brass 
tt»llar whir]) is groovetl to rceeivv thesoldei which is well melted in. 

'The inner neck is the onlv metallic I'uniaet l)ctween llie two ve.ssels 
.iiid iis conductivity i> iherefore important : for this reason iht* material 
slanild be as thin as y^ossibh* aiul about ) cm. in diameltT. 

In piacliee tubing les.s than about 20 S.W.O. is diftieull to obtain, 
tile met.il is inclined to dt'veh^p fl.iw.s in manufaeiuie. 

In laigt' vessels some additional suppoit ’’s desirairle for tlie inner 
vt;ssel espeeially to prevent the inner ve.s.sel .swinging about ami ffreaking 
the neck. This mav he jirevenled l»y a number of small asbestos* blocks 
arountl the <‘ir('umlerem’e, or anv (»lher insulator may be u.sed •^vhich 
is capable of withstanding heatuig to about joo’«(.. during evaciiktion 
without di‘composiiion. 

An alternative meiliod is aKo shown in Fig. 2, where the inner 
vesM‘1 is provided with a projecting pin whidi fits into a hole in a 
mica washer held in a tube fi.\ed to the outer vessel. 'I'his rmaliod 
has been fouml very salisfaciory in praclii'e. 



thk vKODvrnoN ov J.1QUJI) oxv(;j‘:n 

Ahsorhnt ALtferittl for Kemovi\i:^ Gases. 

All conimcrdal vaciiiiin wssils now in use have a (juantity of al)- 
sorbtail inalerial in ll)e vaniuin spa<v whitM clears up the residual 
when cooled dowii by the lUling of the vessel. Metal vessels can Ix' 
made without an absorlient,^ inovided they are heated to at least 300 
(\ to Iree the walls from ^as. Ihifortunately the seams will 'not .stand 
tin's liealing unless hard soldeied or welde<l, and llu; hij,^h temperature 
required for either of these processes dulls the j)olish on the walls and 
thus causes e\ee.ssive radiation (»f heat. A very mueh lower dej^ree of 
eva('ualion is required for a vessel containing an abstirbent and in fact 
a J''leuss pump in good eonditiott and dry will serve for eviieiiatiot). 

(a) Charcoal. — 'Hu* best absorbent, according to Dewar,- is chan*oal 
made from sliells or fniil stones, but almost any varii-t\ can be use<l ; even 
('oal abs(»rl)s a considerable amount ol gas. 'J'he (juantitv «)1 gofxl 
charcoal tetjuired is \ery small and .j grams for a volume of too c.(\ 
interspace is amyde. 

'riie in/lammability of charco.d is a matter for serious ( oiisiileration 
in warfare and its ns(‘ should be avoided. Noivinllarnmable substances 
such as silica gel serve the same jvuipose. 

{h'\ Silica Gel . — 'This substance is well known as an ab'-orlvent and 
Professor ilemy Hriggs, ot) behalf of the Owgen Kosearch (■oumiitt<i- 
(Dej)artJTient of Seienfifie and Industrial Re.searchh has mavle a ihorougli 
inve.stigation of its ])ro[)e!ties, especially with ugaid to low temperaluii* 
applications in vacuum vessels. Silica gel has only about hall the ab- 
sorbing yvivver of the best charcoal and it is also of lown deiisilv so that, 
wlien it is used in vessels < onstrueted U>r chaicoal, gieatvT care is neces- 
sary in evacuati(»n to ensure that tiu [)re.ssi]re is low' » laaigh not to leavt 
too much air to Ik absorbi’d.'' 


JVecautions /./ he OhirvCii in EAliuisftne, the I n ter \ face. 

In charcoal absorbent vessels the eva( nation is usuallv of quite a low 
order, and several vessels have been found to havi* as much as 1 mm. of 
mercury gas yvressure in the vacuum syTace at ordinarv temperatures and 
have yet remain<‘d servic 'cable. 'The chii'f objection to this high pressure i.- 
tlie prolonged interval required bv the charcoal to absorb all llu‘ air when 
the ve.ssel is filled. This niav lake as long as hall an horn. 

In evacuiling vessels b\ anv method a fundamental y>oinl is lu.ating 
the ('hareoal l() redness immediatelv befon inserting into the vessel, and 
also heating the entile vessel to as high a li'inyieratiiie as tin- se.mis will 
stand, which is usually about 100 and maintaining at this temy>erature 
until the vacuum etsises to lall offvvlun the pump i> strijiyK’d lor a lew 
moment.s. 

Thq chief obie<’t of lliis liealing is to remove moisture. 


l\al>' of from Connnercial l't.s.\el\. 

d’he rate of eva}X)rati< n ol liquid owgen Irom good eommereial vessels 
is of the following oider i-f Piagnilmle ; — 


’ Aiinal. fie /Vn.s/iy.7«, ’ /Va . ol R,>vnl hiaitniioii, igofi. 

. A'. htliiibur!,Ii. loiio-i. 
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'riif al)ovf value's are* .'neraLres n-latin^ ti/ a larpjc luinihcr of both (u-rnian 
and I'ai'ijlish vossi'ls that haw* liccn studicil bv (ht* writor. A f;ood i^lass 
vessel is therefore ne.irl) l\vi<*e as eftii'ient as .j fuetal vessel, but the averaj^e 
vessel, espeeially siK'h as useil lor liou-M.-hold f)iirpose>.. is quite tl)e rt'verse. 


Sr'piuwiion of ihi' '^Vionniif /<■<//,' /ee iofo //s* Cohtpontnls. 

i'}>e souiecs ot in a nu tal \j^*^sel t an I)* eixided into tiin*e classes, 
1, ■» (MulucLion down ilu- iie- k tube, ii, J;a•^ t'onelueiicai acn>ss the interspace, 
and iii, radiation between tin two walls. 

'The pereenlai^e rate is ratt* ot loss r.dc’ulate<l for a full vcsm'I ; ihti 
jiercentajie (aleulated on the actual contents inc-reasts iinifonuly as the 
f«-ssel eiiiptii.'s since iljc lat^- of cN.^MU-ation doe-, not fall off as lIu* volume 
ot luiuiil dci'reases. 

Coniitfxiiofi iiown tiu Asi'A --’rne mai;nitudi' of the heal li'akagc 
into tile flask b\ condiK'tion alone tin net k dejieiids upon die leni»th of the 
neck, it' ( ross-M'ciional aiea, .nid the tin imal < ondiicti\ ily of the material. 
.M.in^anin witli I'n' l«>w tiienn.il condueiiMtx of o‘o ,'^5 ('.O.S. units is .i 
•'ii't.ible inaleii.d 1 <n iht (onstiuetion ol die lu cr, hut thin-walUd tubes of 
lh»s niatiiial .in.* (iilheuli to obt.nn. 1 be in-.nest appvoav'h to mtin^Mnin is 
llennan siiw r whuli is « \ieii'>i\el;. u cd in (leanany lor tlu* purpose, but il 
is iiiifn nil to ohlain lubes in diis coiintiv. 'I’lu* c^nly allov readilv olitain- 
.ilile Is < opper mekej (t’n niian silw i wilhoiii /inr). 'I'bis is of disfinetly 
liij.rlu*t coMdmti\)t\ an 1 Is 'iioKini-i li.ibK* to ibe de>'elo])inenl of flaws in 
niaiuiractnn*. 1 oi !".tvti<al ie.i‘'<'ns t‘*nneetetl wilii fillint; it is undesirable 
to u-H' lube si.m 11 . j liian i < a. bo-e aiul tht \ shoukl p'ef'rably be ems, 
I'iie d.'i^kness nl w.JI is i,ent i.ilb ol the lader of o'lS to i iiiiu. so tluil ill.; 
are.i of metal is aliout 2 .| to .{5 s... mm. 

Some \ ears apo it was pointv'd out b^ Swan m eoniK-elion with Ri':;n.iult's 
woik <in the specilie lie it o( yasK-s dial the « ornfiielion of hi'at alon!.t a tube, 
is influenceii bs the ilow ol l;. 1' in the lube, and tiial this is a faelor to be 
« onsidere<l m e.dculalmi; heat Kaka^^e has also betn jx'inted out liy ihofessor 
Ibigj^s. Jt is not ilieivlore -^ulbeieiii to as.siime that the two end tenqiera- 
tures deteniiiiie tin* thermal iranslei, but the acOial ^r.idient at the junetion 
of the Meek with the imiei \issel must be eonsideiid. 

'riit* li'inperaliire ilistnbiuion aioiii; tin- iu*ek of a flask <'ontaining liquid 
oxygen is shown in J ig, It nia\ be lemarked thai die gas-U*in^)eratUM.‘ 
distriluilion hasaheadv Ik-eii piiblisln il. 'ine iein|)eralures show n ary actual 
neck temperatnus iibtaincd In means of a fim' ihcMiKxoujile in pontact 
with the metal wall ami not tin* distribulion of tenyx*ralure along dVa gas 
stream. The JC.M.k'. gi'iieraU d by the copper-conslantan thermocouple 
w.is measured by a poteiuiomeler and the neeessary precautions taken. 
The upper curve refers to an alU*y lulic and the lower to a feass tube oi 

’* The cvnporarimi fjom I'lc Oiie litre si/c is iiruhily high, but very few oJ tJicse have 
been iiiaclc aiul no doubt tlie\ are lapable of considerable iinprovemeni. 

*3 
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Ikirly hij^h conductivity silwltid for contrast. 'The f;ns flow was about 
thrcc-«iuartrrs of a litre in each ease. In all the flasks tested a gradient of 
temperature was evident at the bottom of the neck. 

(/») Cofhiuciion fhroui^h Risidual (Jus . — 'The second factor in the 
elfleiency of the vessel, gas eondiution, depends on the nature of llie 
residual gas, tlie inessure and the area o{ the vessel, d’he g;ii. ])resent is 
mostly air with probabK w.iter \apour and ludrogen in small cpiantities. 
No direct determination of the |)ress'ure appear to have been published, but 
l>ewar and briggs have investigated the pressure indirecll) by submitting a 
flask to various external temperatures and calculating the losses from as- 
sum])rions based upon the fact that the 

total hw. ai;V\ - TL) + » J L) J’{\ + 'J\. 

+ eoiislanl lovi lor mrek, 

wheie 'I'l and 'T., sre llu tiiuperature ol tlie inner and outei walls. 
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Lurvt's showing distribution of temperature along inner tube of neck. Top curve 
allov, lioiloin i;iass. 

'rhe temperature gradient depend.s upon the rate of How ol the gas out through 
the neck. 


'The InsL term refers to radiation transfer, tlie s^-eond to tonduelion. 

Lor a met.il fl.isk briggs found that the eotiduclion was appro\imalely 
e.ipial to the nei k lossat room tempera tun', and each conslituteil 25 j)cr I'ent. 
of the total. These experiments were carried out ^^ilhfgnat ('arc on flasks 
v\hieii Jjrc jiroUabK speeially eonslruelc'd and well i vaeuated, for the VM'iler 
has foLVul that the meih.od when apjdied to fommeicial vessels passing 
IhroiiL’h a evcli! of temperatures ehajigcs gave tin- result shown iti Idg. 4. 
In tills ease gas is ewdcntly evolved from the walls even at moderate 
temjn ratine edevations, and ailhoiigli the flask may have liecii healed during 
evacuation (the ])iessure is, of i-ourse, much lower when licpiid oxygen is 
pivs',Mit in the flask than dining evaeiuditm period), llie evaporation rati' 
doc'^ ncit comfjletc'lv receiver and elurn to its normal value for a consider- 
able Imu . firiice the evolved gas is not readil) absorbed by the* charcoal ; 
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iIr- may be hydroj^en in which Ci^Sl^ the value of the condiicti\ ily would 
Ik* ii|)f)reciab]y diffoTt'nt from that of air. 

The above method shoulc^thtTcfore be applied with some caution e\cc])t 
iti tile case of glass vessels. 

(f) Radiation Tratisjvr khvecn the Watts. — Tht; factor of greatest 
iinportarajtt is the radiation transler. 'J'he heal transfenerl b> this means 
depends upon the emissivity of the walls and the fourth power of the 
absolute temperatures. ^J'he select ioii of the best refle<‘ting ^^urface for a 
long wave-length radiatif)n at low temperature is still a matter for research 
.IS vacuum flask tests are of Iimite<I hel[> in view <if the mail) variables 
involvt'd. (’upper, gilding iiU'tal (a brass alloy), nickel and silv er plating 
give much the same results within the limits of the order of accuracy of . 
till* evperiments. Iron a]ipears to bt* inferior, for it is difficult to obtain 
a liigii polisli on it. The degree of [lolish oi the walls is of considerable 
iinportanci*. • 

It is probable that little improvement is ]>ossible in the efticiency of 
the best metals without radical cjian^es in design. 

(//) Cse of a Radiation Stiietd.— O wk: firomising line of investigati(>n to 



'I\ TnpiMMtuic «if (Uiter ^vall in ilcgicfs C. 
f'lc. of :< cyde of ti mptirituic on the rale of a llask. 

lr)liow would be to effei I a leduction in tin* radiation transfer by the use 
of radiatifiri shields. 'i’hi* Jiame*’ of improvement are greatest here as 
this effect is at present n-sporisible for the largest Icjss. 

Jl can be shown ih il the < lle‘'l of retlecting siirlacvs is to reduce the 

r.idi:;tion bv * wl'ieie u ir- tbc number ol the intermediate surfaces, 
'//-Hi 

a'^summg that rliev touch neither w.ill. The w'ritt*i iias eonstiiieied one 
vessel with a railiatioii shield as slunvn in big. s- 1 he intermediate wall 
is su[)poried from tlie neck In a thin stei I tube whieli is slotted to diminish 
the eross-sectional ariM, but which vet jiroviiles a still support. This vessel 
ba-> been used for In.iisport [njr])oses for alsml twa^ yeais, and llu* efiheienry 
is about 15 per cent, better than a vessel of the same si/e with tvvo^walls. 

Methods oj (ic.'h'ratuo^ from the I ujitid as Desired. 

^Vhen liquid o\\gen is used as a substitute for compressed gas the 
liijuid must lx* evaporated at a definite ami slc.idy rale to suit tiie require- 
ments of the airman. 

(ii) Ifeytandfi Vaporiser.- -’Y\\v meihotl devised by IJeylandt is sliown 
diagrammatieall) in big. U. 
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'Pile liquid is rarrit'd in a vacmini xcssel and ticLlod by the pressurt: 
dm* lo its natural evajioralion and llu* stream y)asses up the nerk through 
a small tube into a flask boiler where it is f.‘vaporate(l. 'J'he gas passes 
through a trap to catch any drops of liquid and tlu’iice through ('oils of 
copper pipe to the control valve which is graduated two, three, or five 
litres of gas per minute. 

The pressure above the litpiid in the eonlaiiier is shown by a small 
prtissure gauge and regulated by a relief \alve. The ck'livery of oxygen for 



railiatioii shield. 

This shield is earned Irom u luhr 
attached to if)p of neck. I’lu* tube is» 
slotted away lo reduce heat conducoon 
along it. 



any given setting of the valve depends upon >e\eral (at'tors and varies from 
lime lo time tor the same pres.sure reading. < 

(/') Griijidis Vaporiser.- writer has also designed an alternatixe 
Inrm (d xuporiser as shown in Jng. 7, the action of wliij'h depends U])on 
liie x.vrying metallic eonlael beUxecji the wall.T 01 the \essel. A copper 
pad is carried by a fleiiible diapliragm on the outer wall and adjusted into 
eontael with the iiuiei \essel bv a .strew. 'I'he evaporation (‘an then he 
eonlrolled witli ateiiraey. 

Jl i.s important that the diapliragm should he a good eondiictor such 
as silver or cofifier. d’he advaniiige of this form of va])()riser arises from 
the fact lii.U the ves.sel may be non-spillable by alisorliing the liquid into 
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ilshcstos or similar material \ c i. 

oni.e wc.ij,IU ,.r,hc oxv,o„\vin sn'rtk. -'’‘• 

I’ART II. I’ROI.I CTK.N- Oxvc:i..;f. 

rile entire iU]. ^ 

demand, was tin the cvn ly (Lu-; of the wn- il ^*'**''*’ ■‘'"*‘*** niedie.d 

The only pUnt.s ."“iu'-tn • 

form shown in ,s. ^ "<‘n‘ small imiis ol the 





pipe. 





St Os ^\(H»1. 


mm . 

C I liIh* coma. I nil*.: chnjc lal. 
f— B Copper pail. 

I J ^ Corru^M cfl diaphragm of’silvei. 

Ci-~_ rr~. jMI — J'* ' "e!? ^ Adjusting mil. 

l’’^*'. 7. 

ih'scr;ptia.u oj LaNfntfory JVanf. 

1;-;;.^;, or -IS”,;::. 

■■!.= ,.U.n, i., r.,i,., o.|i„,,,,. i, 
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running al not more than 250 revolutions per minute, but chain, gear, 
belt drive is troublesome on small compressors, since they are not general!) * 
provided with suflficently large flywheels. 

'I’he method of < (>nstriicting the interchanger is open to improvement 
as caustic, if carried over, permanently cliokes the tubes and the output 
suffers accordingly. 



Jt is wi'l! known that the [(;nk-'J'hom^oji Lffecl cruj)loyi (i l)y Fandc gives 
a cooling etfect of the rude] of .1 (jiiarter of .1 (legn*e per atniOMpiicn*, 
whereas ilie Claude system of making riu*air<lo e\ternal woik gives a efiol- 

ing effict 'I, := 'J’„ \ 





I'OR USK ON AIRCRAKJ' 




"Iicre 'J'„ = initial temperature 

Tj = final temperature 
P„ = fujiil pressure (almns.) 

-= pressure b<‘fore exixinsion. 

Ihis l^ds to tlie rnnclusion that the cooling effect is about three times 
as great with the i.'xpansion engine; but in practice the expansion engine 
luicoines ver)* troulilcsonie near the «iir|iielaction point and the Joule- 
J hornson efiect increa.ses so tliat a combination of the two methods is 
usually employed. I’here i.s, however, very little difference in the perform- 
ance in small plants with or without an expansion engine, but the out- 
standing feature which can be utilised is the fact that an exj'xinsion 
engine plant can be designed for about .|o to 50 atmospheres pressure at 
tile compressor. 

Ltauid Plant uuth Expansion Enj^inc. 

. Jo illustrate the general schen^-' of an expansion i*ngine plant, one- 
built by the J.i(|iiid Aii and Rescue Svmlicate will be described as it is 
the sim[)lest, although it uses high compression. Air is drawn by the com- 
pressor, Mg. tg through tile scrubber in order to remove as mu(‘b as pos- 
sible ol the carbon dio\i<le. The air enters the tower at the bottom. 
Till' absorbing agent (12 per <‘ent. I'anslii* soda solution) on the other hand 
flows irom the top to the bottom through .steel turnings and so meets the 
air and absorbs the (Xb. 'This juirifier reijuires the circulation «)f tlu' 
alk.ili by a lumip which draws tin., liijuid from the bottom and deli\eis 
it at the top. 'J'lie air freed from (XX. is drawn into the four sUige com- 
])ressor and romjiiessed to about 200 atmospheres {3000 Ib.s. sq. inch). 
Between t;a(‘h stage is an intercooler. 'J’hi* air from the compressor passes 
through a waUT and oil S' [)aratoi to the high pr ssure drying bottle. 
Before entering ilic drying Ixaile the air pa^^ses ihiough coils which are 
suri minded b\ the cold air Jciiving the ii(|UiT)er and part of tlie water 
vapour is condensed. 'I’lie remaining moi.sture is removed by the dicing 
I »oll!e. 

'I’ho dry aii j.a‘'*>es to the liquelving plant which (s-n^ists of a liijuelier 
and :in exjiaiision engine. I'arl of the air [la.s.scs througli air-rooled 
• oils O'., tile oiUhide of the liijuefier and then 'nieis the cylinder 
ol the e\[)an^ion engine in wliieli it is expanded down to a low pressure, 
tl’.U'' tx eomiiig eooleil. 'This e<)!d air j»a.sses ihixiugh tlie sejiarator and 
then enters the lijjuefier near tlie bottom bv the pipe and rises Ibrongb 
the he.ii I'.teri'lianger. Jn this iiitcri'hanger are many small pipes 
through wliieh the rithcr part of the comfircsserl air ])as.ses downwards and 
gives u[> iieat to the ri.sing air from the expansion engine until this air 
linallv rt.a’hes the expansion valve, cold but at higli pre.ssure. 'J’hc air is 
I'xpanded tiirough the expansion valve to aixmt atmospherii’ jiressiire and 
is thus further cooled. 'J’he eold air mixes with thi- expansion onglii'' 
exhaust and lielps to cool still liirtluM thi- incoming high ]iressinc !lir. 

By tills means the air leaehes the exjiiinsion valve at a eontyiuously 
rediK'cd Uanperalure until part of it is liipielied on expan.sion. 'i'liy liipiid 
formed eolli-cts at the bottom ol the licpiener aiid*i.an be drawn off bv a 
I'ock. 'file enrielimeiit of the air in oxygen depends on the different 
boiling-points oi tin- oxygen and nitrogen. The reetilicalion efilumii is 
situated at the bottom of the apparalii.s. 'flic up-goiiig ga^ meets the 
liipiid flowing dowiiwarils a’ vl a gradual inlerehaiige lakes place, tiie lower 
boiling-point nitrogen [lasting away .is gas and oxygen liquid eolleei in 
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tubes 2 wliicli lire eooled by expanded and cold gas flowing in the opposite 
direction. f 

The cooled air leaves the temperature ^xclianger by the pipe 3 and 
jKirt enters the exfwnsion engine JC, by llie pipi* 4, and the other part enters 
a iK^st of tubes 5 in the liquefier 


6 by the pipe 10. The air enter- 
ing the expansion engine does ex- 
ternal work on the piston and is 
exy)anded and thus tooled. Tht‘ 
compressed air in the nest o1‘ 
tubes in the li<|uetier is cooled by- 
expanded and cold air flowing in 
the opposite ilirection and under 
the continued action of cooling 
and ])ressure li(]ucfu‘S, and passing 
through the needle valvi‘ S, mixes 
in the jape y with the coKl air 
from the ex|)ansi(m engine. 'J'hc 
cold air and li<|uid air enter the 
top ol another nest of tubes to 
('ailed the vapouriscr, which is 
contained in the intermediate |xnt 
of the rectification column. Dn le 
and liquid entei-s a sum]) j 1 at th 
sump it rises through the pi|>e 12 
of the I'oluiun. 'lue lop poition 



k'.c.. IT. — Diagram of liqueficr cm ( lamle 
system. 


iving these tulx's, the mixture of gas 
i- bottom ol the column. From this 
and regulating \al\c 13 to the top 
ol the rcctif\ing column contains a 



J I'l. i j. - (nl.ilik* liqiml pl.'ir'.t woluiiig (III Cl. Ill'll* svsium. 

Thfi e-\pimsio!i e:m be seen nu the, rigJit, the mliinin tb.e ceiUfL .ml tin* 

rcsisianqj' liames for .b sipatiiig the inirg', de\i.lopc<l in llse ihiKiino attached ii> the 
c.vpansion engine on the oglit. 'Ihi an conlpfe.s^Ol is Nituated heliind the resisiaticr 
grid. 

serie.-' of staggered aq/l perforated iriqs i.t whieh an* jirovided with cajis 
15. 'J’he liijuid in the mixture de.scends through the trays and enters the 
vajioiiri.ser by mcaii' of the pijte m the .sT)a('c surrounding the nest of 

tubes 10. The gas in tli*.* mixture, which lontains a large quantity of 
nitiogen, sinci* nitrogen has a hc.'cr hoiling-j)oinl than oxygen, leaves the 
of the column by t!i<; jujx' 17 and first enters tlu* liquefier in the s|)a«c 
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surrounding the nesl of tubes 5, thus exuding the compressed air in the 
•tubes. hrt>m there it enters the temperature exchanger by the pipe iS in 
the space surrounding the nesf of tubes 2, and fulfils tlic same function of 
(obling the compressed air flowing in the oppi>site direction. It leaves by 
the pipe 19, warmed but still at some degrees below the temperature of the 
incoming aif». 

When the Jiqiiid air supply is suflinenlly large for liciuid oxygen to be 
produced, the* valve 13 is slowly closed down but not conijdetely shut. 
Ihe exhaust pressure in the expansion engine then rises to the same 
pressure as that of the licpiid air in the nest o| tiilies 10 in the vajx)uriser 
and causes the surrounding licjuid to boil. 'J'he gas thus fornied rises 
through the plates 14 while the licpiid formed passes through the valve 13 
and flows into the top of tlu; columns. 'Fhe licpiid descends througli the 
trays while the gas bubbles around each c)f tiu* caps. 

The output of this plant •is about 20 hires ]>er hour of (/> per cent, 
purity oxygen. 'I'he horsc-pow'er by independent test of the compressor is 
•slightly less than bo or 3 H.I*. per litri* per hour. 

A ])hotograph of the complete plant is shown in Jdg. 12. The 
expansion engine ijn the t vtnmie right driven a dynanuj, the output of which 
is absorbed by a \ariable resistance. About 3 eketrieal horse-power is 
piyduced in normal running. 

Thi'. plant prodiKvs lapiid in lour hours, the average output being 43 
lbs, j)er hour for each siu cessive hour, 'fhe pressure at the compressor is 
4^ atmospheres at 250 K.I*. M., ancl the expansion engine runs at rOo 
R.lWl., prodiieing 2500 watt>. 

'J'he juirity of tlie liquid o\vg<-n i^ 9b per cent. 
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i'i\ A. J. ]iRI-\!M‘K, li.Sc., A. M. I. Ml\ II.K., Tm JIMCAI. M.\NA(;ik OK 
Lioi ii» Air (Limitki)). 

I'jii- (lr\i'ln|>ni«'nt (ii tln.' " A«-M)|)h<)i ” Liijuid Air Sclt-i out. lined IJieMlInnt: 
Aj^iMitiUis l>y thi.s ('t)nijx-my, niade llu* (OiishLn lion of roinp:n;Ui\'elv sniull 
!)IM t'di'-itMU liiiiiid air laoilia lion .i Otie'^'-ii’.. With tin's end in view 

' o-o|)eration followed with Jhwiandl ni' lli*rhn, lor the (^f iin[)ro\'inj; 

i'j»on. eM^lin^ '.x-teiii''. .md thi^ h•suil^d in the Hexlandl plants which 
! ‘prestnt u m.nlatl .uhanei' in iiulu>irial melliods of aii liipu f.ietifjn 
a'ly *nid jiartK nlarlv in rei^ard to e»-ononne piodiidion and simplietl) ol’ 
nperatitHi. 

'I’ln- liisi suindardi.st d jM.ints weie tu^i^ned I'oi an lionih. output of lo 
eln**, li.juid aiiol'ho per cent, o.wiiiu <’onfi ait (this heini; the (piaiil\ reipiireil 
foi mine leseui' piiiposes), Ol up to 15 litres ot‘lif|uid air pel hour, hut with 
a lowe! o\vu,en (onlent. 

rile special leatun of tin llexlandt pi. nits the i spaiision ui^^lru, 
v.ivdi takes the {>lae< of the lehaaeMlin^ jilanls. .inii oihei pre-eoolini; 
de\i«es couiuionlv iau[)l<»M-d with ot/'ei s)sitins, .ind .lehii the sanit end 
ill .1 iiioie .siuijile and eeonouue.il ni inner, 

.As is well kn<»wn, when a lms i'* <*on!pn ssei! tlie work ol (onipns.sion i,s 
eon\<ated into heal, with a eonse«iuenl leiiepei.ilim rise, and i‘on\ersel\ 
w lien a is exp. nd.ed its internal heat is ixs'oinerted into weak and its 
icinpeialiue falls. 

I’lie j'e.is(»ns wh\ the jinuess of e\j)ansi(Mi with external work had not 
])ii\iousl\ heeii eiiijiioM'd tor ohiainini^ low teiiijier.ilures weie not solely ol 
a pr.Klie.'il nature. Ilevlandl reeu^nised th;:i with ,i suitahh ( onstria ted 
exji.msioM in^dne the hiah eocding elfi (is owin^U to the external work ( ould 
oii 1 \ ])e attained w itii ah.siduU' .safel) of opi r.itiiai if the highly eompres.sed 
ail weie expanded within a e\lintli-r to praelie„ij\ ordinarv pressure l>v a 
r.ipid expansion. J’he fall of ti-mper.'uure tliusc.iuscd In a single i‘X[)aiision 
is ahoul 100' ( !. whilst the moving ]);irls (,!' tin i xp.insion engine rem.'iin 
.ilmost .It ordiiiarv- ten iper.it lire .ind can lht.‘Kfore oper.ite on ordin.irv 
luhriraling oil. 'f’lii.s pro«\-.ss wliii h w.is rleveioperl helwei'ii K)o 8 anil ipio 
was on aei’omil of the then prev'ailing views ennsideiedf iiupiaetieable, hut 
the huge number ot plants now opeiating most salislaelijrily proves that 
lleylandi I'hose the eorre« t uie.ms, 

The cooling ifferi basid on He)landl’s process, fair!) aeeuralely follows 
the i( mu Ilia : — 


('J\ - final temp* r.it lire : d’ - - iir’lial lempiratuiv ■. /, -- linal pressure; 
V — t'M- ratio of ti.i two spei ilie lieats.i 
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I his starling with tiu* samr initial Ifiiipcratiirfs is moiv ilL;n 

^loiiblc that <)]>laim <i hv land^^’s fornuila : — 

8 " 0 * 2 ; 6 !/*. /•,:.( ) 

8 — in — /i.t — cliflcrciuv of pressure in alnios])lK‘r< s 

and I — ahso^iilt* ilisc'harj^c t<.Mnj)LTaliii<^ 

'Hk* i fliciunry of the licjiicfyin*; apparatus is t.-\rolU‘nl if the proa-ss as 
i.‘\p]aino(l alxnc is finpIoyr<l. A small plant rtfiiiiios only about j-25 K\\\ 
*hfuirs lor j litre of li(|uid air, oonlaining 1S5 ]H‘r cent, of oxygen. 'I his 
< <)nvspv)nds to a ])o\M*r absorption of 1*4 K\\. hours ju^r litre of litjuid 
oxygen with a purit\ of gb trj gS per cent., a great number of plants have 
pntii'd in |)r.ieliee that thesi- figure's aie eoneei. 

I he lleylandt expansion engine is a power i-ngine, while other tooling 
■\i«es uspiii'' work and tluis encumber lliu alreadv unf.ivourable balance 



of the generaluin ol •■oM. d’lu* pioeess of the expansion engim lefjuires 
!>o chcniit aK ; it euipioy, pail of the c<Mnpressed air whuMi would In* avail- 
.ible in an\ ease eM ii in jilanls wiliioiit the expansion engine. 'J'lu* air 
cooled down in the expansion engine to - 130 to - 1 60” (.\ serx es as a eortling 
agent lt)r the tilher |>art ol liie eonipr'-ssetl aii aral thu-^ ^'^fec^s its inti-nsc 
‘■ooling and licjiiefaelion. 't’he work of the apparatus is therefore iffii sitleb' 
effected by nuiaris of the throttling expansion .)f the expansion vaht> hut it 
is ('onsideral)ly inereasi*d hy the expansion due to external work of the e\- 
pandt'd gases. 'Die production ot licjuid air wiih<»yi external work varit 
hi'tween 0*3 to 0*4 litnxs per H.l*. hour. This figuie is, wlien eni[)loying 
our proce.ss in connection with external work, increased to about 07 lities 
j)er II. 1 ’. hour. 'The etiiciency of Jiipietaction of <)ur jil.inls ^xlien ih.e ex- 
pansion engine i^ ein})lo)ed is about 20 per cent., />. from roo cbm. of 
aspirated air about 20 litres of li«juld .ire f>biaincd. wiieie.is the eflici»‘ncv c‘f 
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otlk'rsystfms is only lo to 15 percent. Tlu-efl’crt of this is that by means 
of a compressor of only half the (opacity the same output may be obtaineej 
as with otIuT svNtems which means that the /otal cost of plant and lujuid 
o\\j>en production are considerably decreased. 

Durinj^ the past eight \ears the J-lcylandl process has been extended, 
and a large number of plants em|)l(»ying this systiMii are now operating for 
the production of gaseous owgen in which the simplicity ol c»perati(>n and 
econcuiiic |>roduction remain tfie sjiecial features. In the plants designed 
for thi* protliiction of gaseous oxygen the expansion engine still serves a 
valuable {xart, but m this case is onl\ used lor reducing the perit»d re(]uired, 
for the initial cooling down of the apparatus, as against its continuous u.se 
with the litjuid air j)!ant. 'i'he li(|uid air plants work at a pressuri* of 200 
atmospheres, and tlu- gaseous oxvgen plants when on fwodiiclion o])erale at 
helween 40 to ()0 atmospheres piessure at'eording to si/e. 

'I'he illustration s1k)vvs a jilant designetl tVr the eoiitinuoiis production 
ol 10 lities of liquid oxygen |x-r hour, and the eom[>actness of the apparatus 
will be apprer-iated from the fact that, the whole of tin* ])lant including the 
power unit can be erected upon a five-ton steam lorrv. 

Jhwlandl lipuitl air ]>Iant^ aic constructed willi f\'i])acities ranging from 
T litre per hour iipwanK. and the gaseous ox\gen plants w'ith hourly output 
ranging from 70 lo ,^500 eiibie feet, and examjiKs ot arc running at 
this C'ompams works. 



I’H iCRMOMiyi’Rjc; j,A(; wj'f’n i:spi:('ial rjci’icrionck to cold 

S'J ORAOK f‘RAf '[’K'l:. 

Rn K/ji; (iHiurnis, J ).S( a\i» |. fL AwtM-.kv, ILA., li.S( \ \Tt(»NAL 
I’jn A). J iAi:« »r: \ ri »i<s . 

'J’cmju riJtuiL ronhul i- a fa^'Ua ol siidi vital iniporlanci- to the mi(*(vss 1 liI 
opL-ration ol .1 rold -.tore that the iiKtrunu iit^ vinplowd should uccivv tiu- 
^no.it ihoroiitili slud\. AIcr< iir\ in gl.as.s or llu rnK)inct(Ms an* almost 

imivcrsidl) used for sm h ukasiiirments and haw the merit ol extremi* 
■'imj>lit'it\ . I'jtr ilisUini rcvuliuLi work tlie resislanct* and the ineit’ury in 
til' rmouK’ters haw obvious achaniaues and aic now findinjj; apj)[i(‘ations. 

( 1 k‘ ^)bj^•<’t of the* fxpcriiuents ^K'sriibed \\as to obtain nuuaairai 

<la^'i as to the ntau^nitudi' ol .soino oi the ])(.>ssibl<* souiees ol error in tlu' 
111' aiUi eiiK nts when iik. w ury or spn it tbei un <m<:*ti'i s .lU’ einplo) I’d lor takinj^ 
tlu iem])erature ot Iho aimospheie ol a ship’s h<»ld l>y with(ha\wd of the 
th. nnonieter to the de('k loi rt adini;. 'I'he) alsO|i;i\e ink>rination as to tlu* 
^ iror intiodueed In tlie lime la^ ” ol die lliermonieter if tlie temperatiiit* 
f)l the stole li..p[)ens to be (hanging rapidh, 

liesides tlie spiiil and mei< ury ibei mouieUas gencrallv emphn ed in siieh 
nic asurenit nts, tests were mad.- on a lesisianee ihermou -ter and a distant 
leading inereurs lliernioineter. 

! )i‘..s.':i' iiTioN oi. I'ln. \ \Kioi’s 'lAi'i-.s d’iiKKMo\ii.Ti-:j<s. 

\ Minim' in and Spirit '/'/hnnomr/ers, — 'Tlu- mereury thermo- 

meti i sliown in I'lg. 1 was designed by Mr. A. R. W'oofis, Managing 
I )iieetor o! the Nelson Jam.*, ^^lth a vieu to i Inninatiiig a most stTious source 
«/f error in the ('oiuuion t\pe, namels, the rapid ('hange in leading which 
o(s iiis \vhen a bare therniomeii 1 is willuhaun from the holil and read «)ii 
OLck. Mr. \\oods states that this error uas often ac'eentuated by tlu- 
obser\er holding the bull) in the ]>alm ol his hand ^^hen taking the reading. 

in tile form shoun in I'ig. 1 both the bulb and sti-iii aie jiroteeted by a 
wooden sheath, while the bulb is laggi*d b\ ( otlon wa'-’tc,-. 'I'he eiheiene\' of 
this siiuj)!'- tlevice lor oNeieoiuing this |)artirular dilheuliy is demonstrated 
liy th(' e\pennu‘ntal data given later in this reporl. 

f’lain luereiirv and spirit thermometers weie also stiid ed ; the bulb of 
die former being ] im'h in di imeler and r inch long, of the latter hieli in 
diameiei an<l 1 ;! ineii long. ^ 

H. Mercury in Stect riicrmomefer, Pistant l\ea I'l'p*. — in lips in- 

strument the mereury is eonMinoi m a steel bullx^eoniieeted liy a fiiu- 
ea])illary to <i Rourdon tube, d'he leiupi-iature is indiealed on a dial 
resembling a steam pressure gauge, diie bulb of the iheriiiorneler is 
rylindriial, inch in di uiieler and S inches in length. 

C. Ue.dstanci Tfiermonuter --'The bull) <jf this tlu-rmometer consisted 
ol a [lorcelain spool 2 inehes long b\ inches in dianu tei, wound with 

1.3 
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platmmii iviru, as shown in J-'ig. i. After windinK, tlic spool had l)Lrn 
uippul in a glazL' so as lo yirotcct the platinum. 

'Hie bulb and wires tyere proU-cted by s', closed end copper sheath tlie 
•jwol being eleetnailly insulated from the metal walls by a wrapping of 

In this temperature measuring outlit a number of thermometers were 
eonnceted to the one indicator anti could Ik- iilugged in as dc^dred. 




Wpcjppina Or 

riunM ^ 

micci. 


Porcclufii 


Mica 


washer. 


Tliin |ireclai{ 
^ tubinej 
Ground lead. 


Hcavij 
<jold leads. 

Wmdincj 
^me plaifinum 
wire. 


I Cioiieci end 
I,: J{ copper TuIjc. 


indusrrij Jerir. Ret-isfetnee Thermoineli 


icr. 

Fl(r. I, 



Mercurij tkermomeler wlflr wootlcn 
slieul'li cincj laacjcd. 

(M*'A.R,T. Waads clesitjn^ 


( .M,I!iK eriox OK Ixiw ri-,.\II-ERaTURIi I'tlKRMOMK'JERS. 

Ino calibration of the thermometers below o” C. was carried out in the 
appamiu- shoiin .liagrammatieally in Figs. 2 anti .5. 
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Ihscriplion of A f^purttlu^. —For int rciiry aiui sj)irii 

'ilu‘ iipiKiraliis shown in Fij;. 2 was used. It consists 
ol a Dcwai vacuiin* vessel (i^)l silvered), fitted witli a 
“^Ir.iwinj; off” pipe for ernplymp. 

A lube projeels into tlie xes^^el eoniainini; a shult 
with piopiAliT l)la<les. W'hen the inotoi is in aUiou, 
tiu- li(jiii(l i.s^ sucked up the ceniral ;iiil.ie and <hs- 
charged oiU througfi tli<- onriees. lluis ensuring .1 
ll'ior^)ngh slirring of the conlenls. i'lu* iheriufuneteis 
are carried on (‘lijis attached to the tulx and are 
totally irnnu-r'.(*d ; the readings- lu-ing lak* n tluougli 
ihf lianspaittil walls ot iIk* vaeuuiii xe-'-el. 

I’he liijiiid ein[>lo\ed is ch*an anl^y(lr<-Us ciiiit. 

'rile li ili|)eralurc is !ow( led l>\ ..‘deling suecessive 
( [uantitu s of earluMi dioxide s*iio\v.‘ 

l>\ 111.- ins of this .ippir.ilus an\ de.>i;< <I leiuj)?;.}- 
lureelown to - fio < '. in.ix he' oblaii!e<!. 

'I'his tTi'v’thod was dcMsed about ten ye-ars ago In 
-Missis. I\a\j an<l 1 1 iggins lor the roiiltne test oi low 
lenipC'iatnn f fu •■inoi:i»‘ti is .okI tha* I'riginal \es.se-l still 
s^rvi ws. 

I'hi- disl.inl ii. tiling miicu«\ tl;* rnionu-tea .aid the- 
le-sisiance the rnionieter w i le calilMa’ed ii> the ajiparalu-' 
diown in I Ig. ^ as ihex we-re too k.-^^e to be n>s» ned 
lino lilt \a( iinin \esse-i. 

'I’his ajipaialus was also used loi liniiing tbi “tune 
lag " ol die dilU'te-nt tV pcs. It (oinists ot a box 

nu.iMinng 2 lc« 1 b\ 2 leet b-. 2 feel within whie'h is 
a !e‘< langul.ir spiial ol non [')})ing. 'f’his spiral is 
( ormeclcd to the n Ir igi iat ing [^ianl tUid. h\ the < ireU' 
laiion of the e.\]>.inded anuiionia, the lein^ieraiuie ol 
I*'- ..ir Witinn the box ean be lowe-i<d lapiells to 
"i.nimuni ol iiboin Ci. 

i’he bulb ol the nistiuiiu-ni tinde-i l»-st piojecis 
ifuo ihi nclosure and has snapped lf> it a nuinlH.-r ol 
ihernto-iunclIoMs t)reoppei i onsianlan. 

J'ht Ivinperature of llie enelosuie is ina’niained 
siead\ li\ observations ol the leniperatiui ol a ihermo- 
’unt tioii suspended Ireely, as slmwn in h'lg. 3. 

it may be re‘ijiarkeel in fiassing that the- abe)\e 
nie-thods of ealibraling are not applieable U) theuno- 
nieters mseite-d m pipe- lines aiul which iisuaMv have 
an eme-igei!' eoliiimi. W'itii such tin rniometen it is 
(le*sirable to cany out the tests under eonditions rlos* l\ 
siniil.ir to those obiaiiieel in yirae tiee-. 

An a|)paralus whie*h we have lound 'alisfaelorv 
ior siK'h tesis^ is a small east irem box inserle-d in a 
pi[K- line- eonnecte-d ihiougb a pump to the eold brine* 


tneriuoiueicrs 




mci 



' Carbon dioxide snow' is prcpaicd as re'C|iiiii;d 
by allox. ing the liquid larboii dioxide, sold in ex! n- 
eitTs, Ui i-xj«aiul into perior.itet! L.mlaintr. 
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J'he thermonu tcrs are screwed into sockets in the top of the tank and a 


circulation of cold brine maintained during the test. 


1 HK “ 1 IMK Lao” ok IIIK DiKKKKKNT Tyi*KS ok TjfKKiMOMKTF.Ks. 

I he apparatus shown in Jrig. 3 was used. The procedure \y‘is to lowei 
the temperature ot the enclosun- down to a j)oint corresponding to the 
lowest scale reading of th(‘ thormonieter under test and allbw it to settle 
there. The thermometer, initially at room temperature, was rapidly inserted 
intc) the enclosure and observations of appartmt tem[)erature taken at 
successive time intervals. 

The type of curves obtained will be seen bom art inspection of Fig. 4 
and, as they arc exponential in character, the observations can be shown 
graphically on a .series ol straight lines by plotting the log.irilhm of the 
lemperatun* excess against the lime. See Fig. 5. 





The slope of these lines dcltrmincs the iclatne “tiiia l.tgs,’’ /.f’. lire 
smaller the slope the grtMter the lime taken to settle to e(|uilibiium. 

For if the thermometer is at a temperature 0 and the cm Insure at U, 
the ral(‘ at which the thermometer takes uj) heat is proportional to (U - f^). 

'J'hiis the rate, j (U - 0) where | a constant of proportionality 

and ^las the dimensions of a time. 

This erpiation may be wTitten : — 

• i: “ I winch give.s, if U = constant, 

r/ — U ' 


log {ff - U; 


/ + r; 

I. 


To determine rr, we non* that when / 0 — 0,^ 


Thus 


log(f>„ - U) -- 


a 

i; 


(0 
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So that substituting in (1) we- get — 

log (0 - m = - j + log (fi„ - u) . . . {2) 


it is the (juantity on the left which is plotted against t in Fig. 5 and 



figure the logs» are to liase 10, so tliat»the slope has to be multiplied by 
o'4343 = >og,«^ to obtain - J ') 


Kqiiation {2) gives us — 

, 0 - V / 

ti, - U ■ 1.’ 

/ 

/>. (6 — U) — (On - U)c whicli shows that the experimt^ntal cur\es 

are exponential. 



0 ?0 40 60 80 100 

Time in Minutes 
Fig. t. 


Hence when /'=-]. 

• (0 - U) = { 0 , - 

Le, the difference is reduced to ^ ol its original valu^. 

For this reason L is a convenient constant by which to nPicasure the 
time lag. A mere statement of its value in seconds or minutes for a parti- 
cular thermometer is all that is required to determine the behaviour of 
that instrument under any circumstances as regards time lag. 
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In particular if the instrument has Ik^cu taken from one ro<un to an- 
other wiiere the temperature is lower by T^ we can sec the wa) in uiiich 
it will take up the new temperature. 

In a liniL L secs, it will still liave o\^6S’r‘ to fall, and this is reilu.ad 
to 0*000045 "f in 10 L sea's. 

Kxpcmmnta! /usu/h and /heir Applicatiou. — I'rom theaexperimeni.-i 



Fi(,. 5. 


>li s'lihe*! \Mtlt the \.«ri(Uis r)f il»etiM(»;'jrlir'' litr \aliies 

;oi t)ie particular liiermometei'' . n- cixi.n !»i-iO'.v • 


'lain Ml ri'wrv . 
(Miiiuic i 

i Spun 

1 'rhfrimjiiK h'l . 

1 uMllJlltf. ..) ; 

1 ; 

Wood-i ni'.i t 

.UiTL'ir- 

'1 III rmmvi it-i. 
I.MiiiiMl- ' 

OiK Lt Kl'aJih.' 
I'l.itiMi.in 

1 JH'Mr.i)inL-it:r 
, M .null ' .) 

4 

Mrri’ijiv in S. 
Tliinninrn^'tt-r i 
iJinl Kfiiiliii'; 

iMiii'Hc .1 

i 

fri j 


17-Ji; 

i.S-JS 


I’he followinti; tal;{h‘, calcul.'Ued from the .ilxut lieincs, show- lIi-. 
inlrodiir ed in the deteimination of tin* lenifieratiiri' ol an enel(»sure -.ui h 
a ships h(»l<l if the tlieimmueler is hrsl hioii^hl to a placi' where iiie 
tempciatiire differs from that of the melosure \>) X , and held there / 
sec.s. IX'foie readini^. 'Hie eorrec't’ons an- true in Fahrenheit units if N is s(. 
e\[)ressed and in ( a*ntiL'r.'id<' if N is measured in C. 
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It may be worth notinj^, further, that the constant L has another 
interpretation. Namely, if the temperature of the enclosure is changing, 
uniformly, the thermometer r(“Cords the tempe'.ature which existed L minutes 
previously. To show this we have to return to the eejuation previously 
given, vv*. 


dO 

dt 


■ (U - .), 


but U is not now a constant. Say it is U» + rt where r = the rate at which 
the enclosure is rising in temj)erature. 

Then (U.. + r/ - (/). 

Jt may he verified that the solution of this equation is 

a = U, + ^(/ _ L) q- At- 1*. 

We determine K b) putting 0 — when / = o and tin; e<|ualion becomes* 

^ - Uo + r(t - J,) + % - Uo + rj.)r i 
Now if / is large, the last term becomes negligible*, and 

^ - Uo + A-(/ - L) = U - rJ. (since U = U,, + r/), 

which means that the thermometer, howtwer long it has been in the 
enclosure, records a temptTature less by rL than the c orrect leiiqieralure, f.t\ 
tile temperature which existed L minutes ])ri \iously. 


'i’o givt‘ some examples of the use of tiiese figures. 

Case \,— -1 cmpc 7 ‘aturc of ship^s hold 7 'isin^ atid obst'rvatiof^\ (okcft with 
the distant rcadin^(f metruty thermotneter. l.et us Mi[»pose the lenipeiature is 
required at i2 noon on a re»‘tiun day and that readings arc taken at limes i 1.50 and 
12.10, the values being 397^ F. and 40-8 K. respc'ctivcly. Since the lag of this 
particular thermometer is 18-28 minutes, the hold was at these icm[)cralures at 
11 hours 3172 minutes and 1 1 hours 51-72 minutes resj»ecti\ely. It is rising at 
the rale of i-i in 2 ii minutes and therefore in 8 28 it will rise 0-46' F. Tlius at 
noon, the hold temperature is 40-8 ' + 0-46' - 41-3 F, wheieas the mean of the 
thermometer readings was only 40-25"' F. 

Case 2. -Temperature of hotd steady : obsefioitions taken hy ivithdrawinj^ 
the mercury ///c;7//c///^rr/' -- As.siime that the inert ury iliermcineter has had 
time to settle to temperature of the hold, is withdiawn at 11 '50, and reaii 25 
'•econds later on deck which is at go F. : withdrawn again a’ 12.10 Imt an in- 
terval of 40 seconds elapses before the leading is taken. Sufjpose the readings 
arc 38-2' F. and 39-8 F. Then in the first rase the value of N in the table is 
go - 38^ ■ 50' F. and t is 25 second.s. Fnmi the table the error is 0-22' I. so 
lliat the corrected rc iding is 37-98 F. For the second oh.servation N is again 
50' but / 40 so the error Is i-8o F. and (lu- (orrected vaiue 38-00 F. This 

example illustrates the danger of a.ssuniing that the hold I'* rising in temperature 
merely 6y noting two readings without ( orrecling tor the lag error. 

L’Aii'i 3, — Temperature of hold risiny^ observant ion% taken by 'loithdraiving 
the spirit thermometer. 'J'he c ase considereii is that of a ship’s hold at about 
40" F. and the deck at 95 ’ F. 

I'he thermometer is withdrawn at 1 1.50 anti read after a lapse of one minute 
and then replaced. The reading obtained is 397' F. It is then withdrawn 
again at 12.10 and read after a lapse of 40 .seconds, the reading being 40-8'' F. 
i.>n cttrrecting lhc.se ob.servations for the rise after withdrawal by means of the 
above table, we gel foi the readings in the hold at 1 1.50 and 12.10 the values 
397 " 7 ’^*S - 32'05‘' F. and 40-8 5-76 35'04'’ K. respeelively. 
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Now the reading at 12 noon would appear to be the mean of these, 

53*54 F. but owing the fact that* the hold temjjeraturc is changing the lag of 
:he thermometer introduces an error in this also. For each of these tempera- 
tures existed L mins. })reviouj^y (L in (he case of this particular thermometer 
bfting 6*1 1 mins.) so that at 1 1 hrs. 55 89 mins, the hold temficraturc was 33*54'^ 
K. It is ri.sing at the rate of (35*04” - 32*05") in 20 mins., i.e. 2*99” F. in 6*l i 
mins, so tiat at noon the correct value of the hold temperature was 
33*54 + 6-il^o X 2*99 34*45' F. 

Cask ^.~\^ondifioHs idcntiiaf 'loiHfCnsc 3 iweepi that WoOiVs pattern 
thermometer was employed.- -Reading in hold at 1 1.50 corrected by table 
for the deck temperatun* 

397 " - 33*05* R* 

Keading in hold at 12.10 corrected = 4o*8‘‘ - 2*49' = 38-31' F. 

Kate of rise - 38*31 - 33*05'' =- 5*26” F. in 20 mins. 

Now the therinoineter lags behind the hold by J 4*6 min.s., therefore temperature 
of hold 38*31'' F. at a time 14*6 mins, before t2-io, i.e. at 1 1 hrs. 55*4 mins. A.M. 

So the reading of the thermometer at 12.10 is still 4*6 mins, behind the 
tiue noon temperalnre of the hold. 


*.• Tenifierature of hold at 12 noon»^- 38*31 


4-b 


5*2<I 

20 


39 * 5 “'’ 


As a rule the temperature of the hold does not change at a notalile rate so 
the correction for change of temperature of llie hold would be of negligible 
magnitude. Even in the above < ase it is only about i” while that due to the 
Heading being^ taken on de<-k i.s of the order of 6” to 8' F. 

The above examples have lu'en < onsrrueted to illustrate variations of all con- 
ditions, ])ul for comparison of the varums thermometers considered, the following 
ta]>le is appended, shoeing the m.ig» <tude of the errors of each thermometer 
under the .same tondilions. 


Error it. determifuny the temfierafifre of a ’tpaic introduced hy la^ effects. — 
Kate of rise of store - - 6" F. per hour. 

Kate of fall for values in brackets ( ) = 3” K. per hour. 

'J'he thermometer is taken out at the time when the true temptirature is 
iec|uired, and read after 40 seconds in a space where the leiniK*ratuie is 80'" F. 


'J hrrmfimeirr 


I’>lni I Jue 10 ; 

' WitlidrawaJ . 
“ F. 

i 

F.iror I>»e tu 
Kise r»f 
Kni'losurc. 

1 . 

’1 c a) Lrror. 

F. 

(Jorrectrd. 

V.'ilur 

F 

Plain mercury . 


\ 7*17 

- 0 3t 

0-.S3 

39’5 

; 


(-» 

1+ 7’.Ft) 1 


.Spirit tlicMiiio- 




3*58 


nieter . ' 

4V1 

-1 419 

- o*fu 

39*5 

Wood’s palUTii- 



l-t o*;i) 

(1-4*50) ; 

(3«*&) 

lagged ther- 






mometer 

.^9*9 

^ 1*.S| 

- 1*4*' 

f <^*35 

39*5 

Direct reading 



t‘*7ri 

(-^ --51) 

(37*4) 

eleclncal ther- 
mometer 

37 


- «’';3 

' 1*7-^ 

39*5 

Distant leading . 



t + o*,S6) 

f-t- o*.s()) ■■ 

(36*9) 

mercuiy ther 
moineter 

.V/'7 


- ^'84 

T*^3 

• 39’5 



(+ 0 yi) 

( F o'9D 





• 



SOME MATERIALS OF LOW THERMAI. CONI )L'( ' ITVTI'V. 

IL JC/i'k (ikii 1 1 1'Hs, I).S«- , Nation \ i, L\i:MU\inkv. 

SnffH' Mahriiih of Lou* 'rhcrtihil Conuuitivilw — lonm i!u jjoint o| vii‘v\ 
of liii- U‘tri;^^cnUiiit; t ni;intvr, liit' m.ilfrial lor rold io.*,ul;Uior 

wonltl hf an a^soniblaj^c ol ininuto i^as ct-lli* tolall^ L*ncl(>sod in a lii^lu 
l.anit'woik inijK-rvious to nioistinv. Hi-rniotiial stalir^ii of llu- n-lls is 
foi a w.ittM loi^m-d niatcruir is useless toi insulation |nii'pos('s, 
lit'siclfs the faO tluii tl'ic value* of ihr t!'.i*nnal t‘oniliie'tivii\ ol \>aUi u 
ibout U*n times that ol the conducliNily of llu nuilenaK iisuallv t nj|)io\eel 
lor insulalini; purposes, the pri‘S(*n(i‘ of moisture is lial>!e to sit up ilicoui- 
position in sul)stan(*es of oij^anii' origin. Consequent!) m.inv t \e< Men; 
ihirin. i insulatois, siieh as eotton waste a.nd wood sawilnst, aie riile»l oiii 
on ueeount ol llteii lapid d!‘tene»- jlion in the tm smee ol waler. 

Anolher iinpoiTanl faetor wha !*. has to be i‘on.->ideieri in a'^st.^sinj; the 
\alue t r an insulatoi, espeeiallN tor marine work, is the w« i^lil [>er eubn 
loot of tlie inateri d. luodern leiiiaeiafn,^ ship ol ions n juires 

abour 400 ions o: etirk.' So .1 -a\in4 ut a few pel <i*nl. |s wr!! wort'i 
while. 

A inaterial ol low ’.\eii;bl fier eul n foot has the adehtiona.' .abanlaf^e 

" The j.artKuhws coacuii iwm s!..|,. ,,1 iIh jisosi laac v.cit- ktr.div 

s.ippiiecl by Mr. A, P. 1 '. Woods, M.l. Mccli.!- V. 

Shij> built in lyu, K’Cj^istuud ^'los.s tonaa^c } |.j«i toils. In ailalc»i : — 

Approx. iri7i,'/(/.s 

JIull, engines and boibrts . ^ toi'*. 

Kef'iijr. • .'chaif-Tx and bi.iir pip t 4.11c. , 00. 

In.su! isilic.ui' coUoni ;e-'.I I'jMb' r , . 

! .ip ’ i il \M‘a;i'* _ .’jiyii r.s. 

'lot.il capacity of s.;n;4 • sj. v_fs ; • ivc it r\ 

’■ .... • -or, -.fins cbiljffl merit. 

- • •• •, : ' ,, fi .*/♦ n nie:-'. 

'iiiip built ,n igac Tc-i.stcictl i-ro s 10 at i :c | i ' ' •*'. lasul iiul thiou^'liout .— 

.Ap/trox. 

1 1.1. i. unLoiU's .I'nl hollers . , 

rn.icii if.i> and liriiie pum ,, et . . . f„Sij 

Insula; on, :4r.eii.hntd v-oi. . . 

*■ -1 I ”»■''»*: • . . f. o, ’! 

1 ship, ir/r,ii ve _l)i Oioo tf>n.s. 

loll! c..pa^.'i\ •»! c.i ,40 p.i es p 1,370 lubi.' lect. 

•• (j}0 Ions chilled iMc il 

i*"*' lio/cM meat. 

.il'MI*- tot. O'- j icks .... 

Ctirk i.r!:i')’j.aied) - . ^ 
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th.u tlio heal which has to })c alx'^rai tcd in cooling down ihc stores is less, 
^ind this leads to ecc>noni\ of working, 

I lie heal insulators in conunon ii>e at tlie prestail day are slab cork, 
granulated cork, slag wool, and charcoal. 'I’liese are so well known as not 
to ntcd lurther de^crijiiion ‘ and tin- j)urj)ose of the present communication 
is 10 bring the attention ol refrigerating engineer^ a few materials vvhieli 
iCniy be wort^v ol stud\' under pra(’ti(*al <‘«>ld storage ^‘omlitions, for they 
posst's-. at lea^ rine cssi-ntial chiiracieri^tfc ol a cold stoievi iiisul.itf)!*. namely, 
low ilu-rnial <-oMducli\ :f \ . 

• 

I'. xfuinticJ -MetluxK have been d<\i->ed, Eir tiie coinersion ol 

uil>l« r into a highh (Cilnlar form, tlu- lesultmg proaiict having an eveeed- 
ing!\ le.w density. 

XXh' O viewf'd undf-r a low power nucRisi ope, tlu- rnatiTial show.s a 
''I riictiii e .if)p.iri'nll\ in idi up minute < ells bound*‘d b\ rubbe? mcmlir.ines 

I he eelhilar siiuciuie ol tin/ in.ileiial immediateb suggests tlu* possibilit) 

nr r!s use as a heal in^iilaloi • 

I lu small s iMipU '- We obt.niK'd ditlered eonsiderabh as ng.irds densit) 
.Old pTesiim d)l\ ill's Vviri.ible ( an he eontrolled b\ the nu^lhoil ot maniifaetiiri' 
a* w« II as ii> p.'ivsje.i! -.tan*. w‘!K*tlu r soli 01 haul. Samples of the sof? 

v. «o< K varied in dcjisiiv Irom 0*0^9 to 0*12 (\( 1 .S. units (3*7 to 7*:^ lbs. 
pt. ' non li)ol), whik a h.nd variel) u*>embling «*boni?e had .1 density of 
O’’’; ' fo'h lbs. pel < ubn looi)." 

Jl woii!<l b«* i m.itn i ol < oiisider.tiile theoretii'al inleU'st toaseertain tht* 

II iaiiun between die dcisiu of tlu* s.mipk' ami its t!u*rniai eondiu ti\'it\, but 
su'fe ■( n*. iTateran has not i>een avail. dile toi sueli tests. I'iu* eondiu'tivitv 
of '•oiui ol du. ni.ileii.il III slie<i form has been determnud and varied from 
abc'i o’oooou to e oooi j f'.fl.S. unit-,, the actual v.ilc** licing depi*ndcrU, 
.ipf».irf ndv, upon the pie('iv.e mediotl of manuf.M Tiirc, eU . 

Now die weight per < ubic foot ol the samples te.sted was only .ibout 5 
lO 7 i»s., w h Mt* n slab fork weighs 1 1 to 1 :j lb-,, ihc.t when comparisons 
.1 '..ade r,n die basis ol tlu wt'ight of <*. ,uivaK*nl amounts of insulation tile 
t»( i show's a 111. j ki d s.iv ing. 

I ' ks of till insiil.iting v.dtie <)f (.*.\nanded rubbei <'hj)ping-. when p.'i('ki;d 
inn I an i:.rersp.ai liavt .dso been e.irrietf out. 'I'he elipjiings had hei/n 
prep.iU d from .i sIutI and measured roughly inch x J iiu’h x j iiu'h 
bu>< K‘ w'l'Ji eoMsideiabk vaiiations from tile mean, A density dt iirmina- 
Li- " i on some ol I Ik iiagiiu I’ls gave the v.iiiie o'ou ± '02, /.. . 5 *(> j + I'J s lbs. 
I)**'- ( ubu' tof i. 

in the U'st die m.iteriid was eveiilv packed f>n either side of a hot ]i!att 
UK. .Miring S nu lies i») .S inelu s surrounded by a 2 ini h giiaid ring. 'I’lu 
rhii kne- . I )f each la.ei was j ,}. inelu's. 

in the lust lest tlu* packing was ligh.t, llie matirial being pre.ssed <lown 
sliLditlv. 'J’he weigbi ol maiiTial pci cubic fool iuuUm' t!u*se conditions 

w. ls 2*0 lbs. 

r.hc d.ita obt.uiied art given in 'J'.dik* 1 . iniov.. 

'l iic mali^al was liicn taken out of the ajipar.itu.s and rcpai-k^d uni- 
lorm/v, but prc.ssing in a.s much . > ]>os-.ibl(.*. 'I'hc weight of mali*rial [ler 

• 

‘ l^aia a.s to the tlurni.Tl condiKiivily of these iii.it*. rials will he I'oup'^ in Specia' 
Keunrt \o. ^ (if iljc I’ooj luNesiig.ilion Boaul eiit<tl;‘d on I/rot JiLsitl w pulilished 

by fl.M. Si uionery Other. 

" k jiL* density ot ordinirv i«d r.ihlur v ile,iP*.scd i.s vari.iliie. 'J'wo s.iniplt*s g.oo 
r*^r and i’77, /.'*. -s.i aiul in- IIjs. per ml le hui*: n '•;'«*ciiM-U . 
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<'ubi(' foot under these conditi(»iis was ^4 lUs. 'J'he closer parking has 
iiK'rrased the insulating effinrn(7 by 12 ])er cent. (Sec Table J.) 

So it would appear that in a granulated forrjt the same insulating eflfK'ienc) * 
ran bo (jbtained with approxiinateh half the weight of this material, jis 
compared with granulated tenk and about one-f]u<irter the weight wheii 
comparc'd with slab cork. 

A somewhat parallel ciise to this, as regards the differei^-e in weight 
per c ubic foot, granulated and in #;heets, is given by cork. « Jn the bakul 
slab form cork weighs about twice as much as the granulated and gives 
roughly the same insulating eflicieiicy. ^ 

Since it is possible to c'ontrol, in the c'ourse of manufacture, the densil\ 
of the expanded rubber it would be of interi'st to ascertain the limit to 
which the reduction in density can be carried. 

T.XULK I. 

« 

Cl sriMNc.s or I- Ri'kiH'K. 

Dniiitv of PuikiHi'^ t 0 Ihs. per luhi, fou!. 


Cold 1 

1 empcrafiiif-;. 

Date. I mu. 


». fnt. • hahr 


Aug. 7 th 'll A.M. 20 • ^.S 

,, 9 A.M. 20 ' 6S 

,, 9 th IJA.M. 20 fn 


CondiiLTivities. 


Hot I'atc 

I emperatur. 

Mi'aii Ti 
of thf 
M.ttcri. 

mj>. 

il. 


B T.l .'r. pej 
It. ivi 





C.(. s. 

Hour for i 





Units. 

Thicktu-sb .nut 




1 .ihr 


ft'r j ’ le dill 

( «( t. 

i..l 

lu. • CiM:t. 


m ’1 <*nip. 

st» 

12. 

.t5 

QS 

0*(H)ni2'2 


.s»> 

12. 


9.S 

U'OOtU 17 



12 


9.5 

O'CHK)! iS 




Piobahit V; 

aluc 

(l•()()l>I 1 ^ 





Deusi/v 

0 / P(u kiufr, 4 *(» 

ili.s. per 

cubit 

foot. 


.\ug. T 3 th 

jlT A.V. 

20 

68 

50 122 


95 

o'oooio.S 

n* 

I4ih 

! 9 \.M.' 

'20 

6 S 

50 T22 

^5 

9.5 

l^•ooorl)7 

i»*^i I 

„ estb 

ilti A.M. 

20 

6 s 

3-) 122 

65 

95 

U'IMHUDS 

0 .CU5 





1 

tVi>l;ablG 

valiif 

(k'(K)(>I 06 

O’ U*"'' 


'J'he niaic-rial differs markedly from ordinary ^■ul^•.lnJse(i rt d rubbe r in 
Its properties, a notable charactfrislic being its sollm-si. 'The (jui'siioii'' nf 
the duraliilily of ibe material undei rough usage and its cheinic'al slalnlit) 
are ones whicli merit ca-refiil iim ^lig.aion. 

Rubber is j)c.-N:ieal)le to water viipour and lr> man)’ gases, so the* gas 
cells cannot be regarded as li'TmelieaM\ sealed. A sample of the material 
tc'sled uyder water tcjr a period ol juo lK»urs showed ,1 piogressi\e im lease 
of weight wil’n lime-. It uinnot yet he stated whellierthis wak-r absorption 
IS due if) water vayiour permeating the rubber and forming an^adsorbed film 
on the* siirfiee of tlie cells, or wliethcr it is due to cajiillary absorption 
similar to the effect n'otained with charcoal. The fact that llie action is 
slow' w'ould appear I * indicate that it is due to water vayiour permeating 
through the rubber, but it riuisl be remembered that in the ease ol eajiillary 
attraction the action would be slow if the capillaries were close-ended and 
The w.'iter h.id to dissolve tie- gws as it flowed along the capillary. 
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The constilution of ilie material does not appear to be simply one of 
^gas enclosed in cavities with solid rubber walls, ami it is probable that an 
appre('iable amount of gas i# absorbed in the rubber. The determination 
oi tile slate in which llu* gas is present in the material is a perplexing 
chemiad problem. 

In the present stage of our knowledge* concerning this new material, it 
is difficult iV express an ofiinion as to its value as a practical heat insulator 
for lining the walls of a store. A IcAig period test on a reasonabl\ large 
scale is really essential, and the (juantity of material nece.s.sary for .>u(“h 
a test has not yet becrome available. 

/ialsa Wood . — Balsa is the wood of a large tropical tret* growing in 
Ecuador. It is probably the liglUest wood known. The samples we have 
li sted have varied in weight from 5*7 to H’6 Ib.s. per cubic foot.* 

As a structural material^it is (lecidedl) weak and liable to damage by 
blows, etc*., but it has the advantage over materials such as cork that it 
can be worked with ordinary wood-working tools which, however, must 
be very sharp and run at high speed. 

In the natural slate the wood is subject to decay, but it is claimed 
that with prest;rvalivt‘s it is possible to make ihtj wood sufficiently water- 
proof to enable it to be used for cold storage' insulation. 

^^'herl the material is to be employed in dry situations it ('an l)t* 
surfaced with a veneer of hard wood. 

'riu* results of tests on several varieties of the material are given in 
Table il. below ; — 


TAllLT. 11 . 

li,\l SA Wooll. 

spiritin’ n of 'i' Baatd n’citfhinfi 5*7S Hn. prr t iibic Joof. 


I 


Cold I aif 
I ' :'r<*f.>rures. 


iioi Fate 
*1 tmpt’raturcs. 


March 4th :.Sa.M. 

^;:ii ’ '‘.M. 


CoodiiLtn itic 


Mi:an Ten’p 
ol ihi' insulat- 
iiiK Maif'ir.l 


1 ahr, j 

' C. III. . 

- Fahr. j 

■' Cint. 

' 1 ahr. 


75 

TO7 

•t.l 

loy 

S' 1 

70 

tOS 


i(»y 

1 


P] 

rohabic 

value ■ 

Treat td Hoard weiiihintr 8-0 ///a. pi 

70 1 

f.o 1 

140 

41 

I c>y '■ 

zg : 

Oo 

140 

43 

loy I 

79 

Oo 

J40 

43 

roy '■ 



1 

*robablc 

value , 


C (i.S. 
I’nil* . 


(COOOI I '4 
t)’OlK>l 


, U.'l.lSpM 
■ Kour per hi], ii. 
lor I ■ Thu'k- 
ness atul for 
I ' F. diff. 10 
’ '! einp. 


e-33'-' 


oMjy 


S/'/t iwt’ii fii ‘ 


July 4.Stl) 5 

„ '4l>th II A.M. 

OSt lOA.M. 


’ 2 (} 

46 

40 


vroooi 41 
ii*i)Oiu33 


<>•351 

' u'j.Sf) 


*'•.177 


Jwibnw of Australis. — 'J’he possibility of using this materia! 


‘ 'I’his m.-ix be compared with miiho#;any, which weighs about 45 lbs. per cubic f<K>t. 
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was sii^i;L*sle(.l b) Mr. R. A. Fowler, Fote.st Produce l/aborjtoi), Perth, 
Australia, who supplied the following information eoncen)ing it. 

It is a fibrous wa.ste from a tree known if> ‘* Kingia Australis.” 'fhL 
plant is peculiar to ^Vestern Australia where it girnvs on the poorer soiL 
of the coastal luilt. The tree consists of a long cvHndrical stem uj) to 
about 20 feet high and a foot in diameter, surmounted by a lyft of long 
grass-like leaves. The stems are usually black in outward/ippcarance, 
owing to (‘barring In forest fires, and are composed of an outer sheath 
of persistetU leaf bases pai'ked \ery closely togt‘ther, an iniu‘r shealii 
ati inch to 2 itiches in thickness of longitudinal fibres cenn^nted logelhe? 
in a close matrix, and an inner cort‘ of closely packed short fibres. Th< 
inner sheath of Icmg fibres is the only yiortuui of the plant at present used 
w.istt* product is obtained in cleaning the fihre.> fiom the eemeninig 
m.itrix in the foim of dust and lihrous material. 

J he results o| a seiies ot tests on thi*' m.itcrial are gi\cn in fable HI 
below — 


TABI.K 111. 

rir.r j s 01 W onu. Kis(,ia .Aisik'iis, 


/)o.'s/i't o* /;vi», .s I //lx. i/i/j;, »I,|/. 


C<»l ‘ I .ut ll»>t 1 .ILI \i ..!• itl'lfi III 

‘1 ciitjKT i.i < 1 -s 1 1 mpn.a’iir Ilf \i.ttirai 






Ct'iii 

: aVx 

Ct nt 

Aug. .! 7 lh 


lU 

ei 

.S-i 

jSLi' 

1 Id A..M. 


0/ 


" 'yf'* 

1 I ! '..M. 

lU 

rij 


.. Jolh 

' ri M. 

ifi 

Of 


.. .'i 1 Sx 

'll \.M. 

If) 

( ^ 

V- 





L <i.S 

1 nil 

(t jvr lilt:;! 

I'a's: 

Lx-i ’ 

^..h. 

1 ' '1‘lial.iic 
iiii> liir L 1 





Cllf! IJ 'I 1 


fr- J| 7 s 

O'liUlM i.s 

i* .-i 1 i 

yo -‘1 

' *oiii>l 1 7 


tju -s 

15 

(j- Cl 

Uf -M 7 s 

(I'l . 11117 


ye -'I 7 = 

o’cK.iii 17 

e i.lw 

> iliu 

ti o'mi I T 

e SC 1 ^ 


Grass \/a/s. -Tld'- material is made up ol cured c.el-gias'. s^\\ n ir 
Ix’tween sheets of strong paper. 'I’he grass gros\ ^ in salt water and eonl.inis 
silicon to a large extent Jt do»-s not harbour nis<.-eN 01 \( luiin, whir'h is ;i 
most \.duable ch.iiMeU:nsli<-. < 

The value of eel gra.ssas.i ihemial insulaloi ajipe.irs to iiave been reali-cd 
xit dn i-arl) dat.. in the L'niinl Slates, tor it is stated that a dwelling houst 
built in if »35 in itorchester, .Mass., was lined with the grass sii/fed bi'tween 
tile studding, and the matiMial ajipears to ha\e been in a goc d stale ('f 
presei'.aflon alter a la[).se^of more liian two and a half eeiilunes. 

sample of comnu reial nutting was obtained and tested in two state- 
of packing. 'I'he result- are given in Table IV. 

'll tiler the material will iiiee* the* stringent rtapiin-iiuMits of tiii‘ 
refrigc-iaring cngiiu'ei is .1 matter loi experiment iindri siivita' conditions. 



SOiMJO MATKRIAJ-S OF I.OW I HKRMAJ. CONI »U(”JlVri'V 257 


JABI.K IV. 

I'r.b Grass Mais. 

Drnsily of^' u Ihs. / • i cnh\ frol. 


C(f riiu tivifc-'. 


>• 

Ctild J 


Nollao- ^^kanTemp. 



; .n.-- 



j; T.r. , per 
-.q. ft per 



» 

(i.Ci.S. 

Uniir for ' 

I 




1 nii^ 

1 iiii'i'iiii'si. .ind 

i 

Cinit. 

I .'III 

L III 1 alir Ci-nt. 1 alir. ' 

I'lr i’’* !■. dill. 

MI '! emp. 

May Sih lo \.\rj 

TS 


-»S T!.i it. .V 

1 o'oooimi 

t‘* i rs 

■••11 


59 

-IS Mi >0 Sh 

iriHio 1 1 i.'i 

■ .>1-1 




Piobalile value 

■ fi‘<it>f)rti.S _ 

11* i 111 








Dr-isj!'.' !>/ 

itt htu:*, 1 i*.j //o f't'r . uhti 

Unit . 


.Ma\ lotM :i \.M. 

ici 

Oij 

1 1 III!) ill .Ml 

o’oooi 1 7 


T7tl! II \.i!. 

1 >1 

(.9 

|l lull iO '>!) 

0*0001 1 7 





P.oii.M'l v.i’uc 

o'lRioi 1 7 

!>*■? 1 I 

( v.Sf'i/ / 

if — 

’••.N 

, \.i!i()ii-l\ in-atiMl, is i)c! 

Pji i-\U‘nsi\\‘lv usi‘(i on 


' < 'tniiiirii! loj ImoI insiil.itioii 'The <*hit i nicnl ot ilit* iiiiilfiiiw is its 

u I’tir > <)]«! sioni^c woik llu* jxMt is with ;i hitiiniinous 

lo pifiUM i 11 I'nun ihc (i.iiiij). I kita ftincfrninj: trsts on 

" f ratt.<.! ” .I'i'l “ uniK‘:il”(l " in.ik*n.il .iix. in \'. lx*!osv. 

luM\’\ \\( iL-hl p«‘i f ul>i< of tii<‘ iiiaUri.iI-- -■’o In li>s. —is a 

TVKLL \\ 


■Ml!;, th 
.. Mil 


C. OMM.I SSI' I) Pi' \ . 


S/v. ////n.', i'lhs. f't) ihir. I.ifl, 


C..M I .m 
'I rnipt ’.-iliin 

'1 mu . 


Nil! i Al( 

'r« inptr.it. iiL . 


Mt-.i'i 1 finp. 
01 ihi* 
M'lti I i.il. 


I .ilii ti'iu I l-aJn. 


'iti(t’icti\ i:ii> . 


r». 1 . 1 . - p« . 
s(| li pi‘r ]Joi.r 
C fi..s tnr 1 'I hivk- 

I'pif’^. pi” ■. and Itir 

1 T . (till, in 
' '•m. . 


1 0 v.M A ; 

t « 

5 1 57 j 09 

0*0001 75 

o' "if '9 

1 0 ' . '1. 

i *)' 

1 -.1 .i 7 99 

o'oooj 70 

, 0*5 TJ 



I 

Pioh.iblc value 

0*0001 7O 

0*3 ij 




Pi- \ 1 Ti'i a 1 1. 1> u r-i'ii 

Ik'M Mi.s I's Mat 

■KRIAJi. 




1 1 t /'i’ Jif of Spi l imni. 

29*5 fh\. r i iihii 

toot. 


Aiii;. Toih 

1 1 \.M. 

- ? 73 5 ’ 

I j(y 3 .S 1 00 

0*000 1 75 


,, -'Dill 

r r A.\i. 

- \ 75 5 ' 

!_»(» 3S , 100 

0*000173 . 

f>*5cji 

,, JISl 

ro N.M. 

-1 75 5‘ 

126 j.S loo 

o*oiK>r73 

0*502 




Probable value 

0*tl00T7 i 

o-.v.a 


A sainplt' filitaiiictl ’»om anothti so.irti: f;avt the value <>-otiotl}7 C.G.S. uni“i for 
ly.t iiK-rin.ii co:Kltl(•t^^'it' at C. 



258 SOMK MATERIALS OF LOW THERMAL CONJ)UCTIVITY 


In conclusion it may be pointed out /;hat the thermal conductivity of 
insulating materials in general is not an invariable physical constant. So, 
it follows that it is advisable to test saniplej^of various consignments just 
as it is desirable to determine the calorific value of a fuel. • 

The experiments recorded in this papt‘r and the other on Thpirmometric 
Lag constitute a ])art of th(“ programme of work for tlu' Engi^cring ('om- 
mitlei' of the h'ood Investigation H^»ard. 

We desire to record our thanks to tlic Engineering ('ommittee and to 
our director for their interest and encouragement. 



rHK Ml'TAJ.I.UKCaC'AI. ASIMOC'J’ Ol* TIIK PRODL'C "J'lON 
OF 


liv C’<»Mc> Jdirxv 

Most (if tiu- useful metals in pri'.M‘?)l-il.iy praetiee are extra» tecl from 
I'leir ores, aiiil relinetl for U'.e of man, by pnuesses wliieh involvf* tlui 
•-isf of atniosf)lierie air for the eonil)ustion of earbonac't'oiis matter, silicon, 
^)bo‘,])honis or sulphur to provide tht* heat reipiired. 'Tlu-se processes have 
iiecoine standardised to a lar^e extent and are basi-d on the assumption ot 
:he mvariableness of tlu* oxji-en conltait of the alnio'.phere. Until (laylev, 
not so loiifj; a.Ljo, demonstrateil that the seasonal vaiiations in the aqueoiH 
\^pour content of llu- attrmspiu re coiiltl l)e controlled in the air blown into 
the blast fiirnac<' by refn^eration, it had been as'^umed that the flui'ruating 
.itpieous vapoiii eonttail of the atmosphere was beyond human control in 
inetalUiri^seal opeiatioiH on a t oiniiu :<aal scale. 'To-day the assumption of 
enariabihty in the oxygen ratio of the air use<l is firmly rooted in the minds 
j| tho.^e who aie operating metallurgical plants. 

Obviously the owgen ( nrichinent ot the air used would alter the eon- 
dilion'i uiid(*i v.hi<ii those metallurgical protv.sses uhith depend on oxida- 
t'on of some tuol for the heat rcfiuirerl are <m tried out: and though it is 
liffieiilt to pred’cl what would actually be the effect of such altCTf'd con- 
I'tio- i-, yet v'nougli is known to enable us to say that revolutionary changes 
e melallurgical pomtice would resull. 'Jdu* [inuesses now em])lovefi, and 
. * t\pes of plant UM-d, are the result of gradu.il evciution of intlustrial 

pr.'.f,!* Our knwwletlge ol the reactions that o. cm are imperiect and 
almost Mirirely re'^^ricted to our knowledge of what occurs when ordinary 
:;ir is used. but though it may he diffb ult to predict the actual changes 
!■' practice that would result, it is coin])aratively easy to review tlu' 
pf)ssihilities. It is important to note, however, that what is contem}dated is 
not die use of [lure oxygen but tlu* availability of a mixture with 30 to 40 
t»er <‘enl, oxygen or even Ies.s, 

'J'he modern blast furiKU'e filant would obviously undergo a startling 
•change m its <iesign and arrangement when it had no longer to handle the 
present huge volumes of dust laden healed combustible gases, to effect 
<lifficult heat exchange.-, with the incoming air, to secure fuel ei'onomy. The 
liot blast .stoves would probably di.sappear or be much reduced in size. 
The furnace itself would be reduced in height and the whole pl*nt, when 
the changes been complete! 1, would boar fiut little resemblan^.* to the 
•cejuiprnent found nece.ssary to-day for the production of pig iron. The 
bessemer converter, wdietheracid basic, has beeiH‘volv**(l on the assump- 
!U)n of an invariable oxygen content of the air bhnvn in. (liven the jxissi- 
bility of varying ami controlling the i»xygen ratio in the air employed we 
should find the < iiaraeter of the proce.ss completely changed. In the acid 
process it is known th.il iht order in whic'h carbon and silicon <!re removed 
dejieiids on the temperalure. In the basic process it is almost c’ertain that 
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hy controlling^ the tcinpciatiirc it would he ])ossihlt‘ to oxidise the plujs- 
phonis before :dl the carbon had been removed and thus the injurious alter 
l)l(j\\ would be avoided. This tenip(T.iliuC ('ontrol could be elTe('ted it 
the ow -en content of the aii blown in couhl be N.iried. 

The rem‘nerati\e open he.irlh steel meltinj; furnace is ct)>ll\, com])iicati d 
and inefficient Irom the thermal sLmd{)(»int. If o\\j;en-enri(’h-‘d air could 
he emph)V(‘d fm the hnwliK'Hon of the fuel ^as and for its siib'sc(|iient '’oi.i- 
biisliort in the lieailh of liie furna(\‘- it would be possible to elfecl a si.ndiM^ 
ind beneficial aiteiation in the plant. The uni-flow luinace would iu'<'o;i:e 
.. ])ossibililv and theic would lu; a ^er^ desira'hlc diupiific.ition in the dc-iu'o 
of the ]ilant. .\ neiitial f)r oxidising flame would be at the «'omnKii-t! of 
’■e ojMualor wliilc the lueltin^^ and icfminj^ opel^^tlOIl•^ woukl be .iC('( le.'.-li di. 
The waste ^^as of tlu, furnace woukl b*“ much riche! in ( '( )o and with add- d 
nx\g(‘n rich air would be ideal for blowing into ihe i^as pnxlucei tin:- *1- 
..'jIIiil; a fuel .uas ric'h in ('(> to be Nup])lied to tlie iurnact'. 

I'hc ]X)^'>ibiliiies <»f beneficial chanj:c‘' in flu j^raelu eol copjiei su.i 'au: 
.tn<l relinm |4 w<uild be as j^ieal as ui iron and :4eu woiks pra( lae. I’voia’ 
'-iiK'ltini, woukl kisi* mam if not nearly all its dil'fu u!li'. s if it weif ii tu- 
meieialK jiossibk* to v.nr the oWjLien <on!eni of iht air used, >\luh u- 
hesseim risine ol eoiipei matti woukl lu* aeielesated. \fost iiu]x)i!.iii, o’ 
all would i)e she possibilit\ that the waste -ase- iu)w ditfiriik to I'.Uioi' 
owine to ilu’ \asi \olumes of ini'rt ttas piesenl. M»uld he used k-i tiu !■. ■ 
<o\(r\ n! tlu'ir sulphur ronli’Ut. but it is uiium i-.s ii \ to pursue kirthei 
tltis re' ies\ of met.dlun^ie.il pos'-ihilities once a u)iuui(*icKd method (»l ....oio.. 
an owi^en enriched .in is a\ailabk>. Whctlu i t!u fuel bum! be (.I’h'n. 
siliioit, ])h(>.|>horus or Milphm the icsull miisi bf lo -jive -ajeatt i jieedci lo 
those ojieratin^ liie \anou-. pioces-e-. *4nd to optai du w..\ loi new a(k.'' 
in metalluriiii'al ])Mt ti<“e. 

ft is imp'ort.nit t»» note fiiat i! *-> mo» jcan i>\\L‘tn 'ihai is nouiied It 
would be .uiijih suffii it ns u the vtiiUeni toiiid lie la.atl t.« :v. u'M 

tile ra?\ee of 20 and pei tent. The probkru is ilierel<*ie (|Uite dihci* i t 
lo thsd of prep.irini: ])uie o\\i;en. Di. Id (i. ( 'othn lP h;is jxunieti on* 
in hi.s admii;d)k' »’eview o{ the subjeta the !at < iha! ai» is a miMu t if 
owpu n and nitroL;en and th.il tiie llu'onlit.d amoiini t)f cnetu:) reijuucd 
!or the sepaiallon o\ the Iwt) ^.i^es is \ei\ '^mall, m tael tinlv about ! \\-\ 
t t nl. of that re<|unetl lor the pi(>ductit)n til an efilial weight t)f ekePn;' li< 
■)\\<^en. Now .in\ c\(!e th.it leipiires eneig\ ol the ordei of ILI. , 'r 
1000 cubic I'eel of t/\\gcn at mtrm.a! pn^ssur.- and lcm[)cratuh: t . n he 
uled out at oiue. What is reijiiired is not puie oxygen in steel •'tiiik -' 
h\ii erirh htxl air in hundreds ol tons. It can be .issuiuetl that u '.In^ 

' .unli\ th.e produelion of a ton of j)ig iion le'juiies 1. 10.000 eiibu k'-i <1 
.11 sit norma) lemjXTature and pressure I’his will sciae as a me;. sine 
- I the i|i!.intities involved. 

Dwing to the slight difk'ieiui in tit usitv of oxygen and nitrogen :i 
-roiikl sqijvar that cenlrilugsd meliiods for their si-jiaralioii aie not ver. 
lOpetul.' ('an any lefrigeraling sysltmi be dt'vised wlueh will give oxygui- 
■ nrielied air at a eomnieicial piice? Am siieh relrigerating sy^U in should 
be abk to use, as the sourc td the energy it retpiires. the sensil)le or potenliid 
heat r.) the products t^if the mcUdlurgieal prtx ess where it is t.‘mpl(^>ed il 
« arlioi'i be the file, used m that pioie.ss. Jf a siiila.ble cycle can be dis- 
cov*'r.;d for effecting du partial separatitm of two mixed gase.s, for complete 
sjfxiratirn is not itijuiied, then .. vast field is availabk' for the use ol oxvgen 


Ci.ttn’iai anil Mrtalhirgunl l.ni^.iu July 14. U'2o, jx 53 it scij. 
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i nridioi] luv it) miiUilliirjric.il opfiMtions. If t!iis cycle* cannot be niiule to 
f)pcraTc on lines sufficiently ccAnomic.iI tlui) it woiilel .'ip[)c;tr that the 
•production of cold will not b^ so attractive ti*' it ap]K:ared to be and that 
the dis('arded barium o\id** proves-, rnii^hl be ic-iiivestigatcd. Its old fault 
tliat it (lid not j^ive pure o\\a!;en m jy prove ttj he one of its virtues. The 
wfirkinj; temperature .U wliich, with varyinj^ fues.sure, it al)sorbs or t,*voIves 
o\ygen is ftirtunatels within the ranj;e of the now axailahle impermeable 
alloys which \e’^i^t o\idati(Ui. TIu- teiyp(‘ralLire ie<juircd C-an l)e supplied 
b\ the sensibU- or potenti.il iu-at of the waste gases in many metallurgical 
pro('esses. ll refrigeration as a method ol givijig owgtn enriched air fiiils 
Us then barium o\ide or soiiu' substania* with slinil.'u jiropi^rties letjuire 
c.ireiiil in^■t stigalioii, lor mankind in its melalluigieal w»)rk will not alw.iys 
be content to be eontjolled b\ the .itmosphen- naiuie f>ro\i(lcs. 



A \OTK ON 11 lie IMPORlANTie OF THK STUlA' OF TIIIC 
CRYSTAL SJRCCIT RK AND PROPER TIKS OF .METALS 
A T LO\V J'E.MPieR.VIT’RES. 

l»V ( MSMO (OflNS. 

It i> well known lh.it, in i\ wa\, the |>roj>ertie'> of the elenienN 

are* periodic* finietifiri*' ol iheii atoiim wvil;}U oi, as would he stated 
more (orreetl) now, of their alcaine nnnihei. Atnotit: others Koherts- 
AuNten,^ Richards,'- hdwards,** Mau^hton and P'ord, ‘ h.tve disciis>ed liiis 
periodicity with reference to the melah, hut all these altemj)ts liavc dis- 
c'lo^ed inii)crfc('tic»n> which can he attrihuted either to in.u-curac-ies in 
the dat.i .iv.iilalile or to some error in tiu* mt'ihod adopted for handling 
them. ]Toni time to tittle it has hecn jtointed out*’ that no tiiic cotj^ 
parison c.in he in.ide unless the data used have* hecn measured at sU icily 
cc)m[),nahle tempcralures. 'riiese coinpai.ihle temf>eralures c.ni only he 
known when tiu* crsst.d structure and si|.;nilicanl propi'ilies of the metals 
have heen detenuiiiefl o\(.r the widest possible rani;e of ‘(‘mperaliirt.-. 
^ 5 uch comparahli- ti-mpetatuKs will, in .ill [iioh.dtilitv, he tluMiisehes a 
peiiodie function of tiu atomic iiumix r, .ind should theicfoie stand in 
some definite relation to the ahsolule nieltmu [toini Jt is ohvioiis lliat 
to t.ike (I it.i iel.itinp( tt> pjopeili<‘s which .ire known to v.ir\ with lenijtera- 
tiife, and to UsO tlio.a- wltuh have heen me.t''nrcd at some leinperaliiie 
level selected lor conNeiiuncc only is to in\iti‘ confusion, whu h can 
onli serve to ohsciirc, if not to hale, the r- l.iliotisliip which is hein^ in- 
vestigated. 

To mention hut .i few mci.ds wa* find, it we examine them at room 
temperatuie, liiat mercui) i^ liijuid, lead so plastic that it is self-annealing 
after sevcic straining: aluminium displays a m.irked temh'ncy in the 
same direction. ( 'o’pjjcr exhibits m.irked diiclilily .dlei qiu nehing from 
a moderatcl', liigii lemper.ilun*. Iron when modified h\ the jueseiue 
of c'lrhon loses dm iility and acquires gre.iter ti'iiaeily when (pienched 
from aho\e a ee:tam eritie.'d teinper.it me : when llu* iron is aliened 
with 25 per cent, nickel or 12 per eeiit. manganese it ceases to beliave 
like carbon steel on qu.-nehing, hut lioeonus .analogous to e o|)per. This 
is known now to he due to the lowering of the inversi|»n point liy the 
addition of the alloy metal. Keeeni!) it lias heen demonstrated that 
iron aho^\e the ciitic.d r.inge <»f tem[>eTalure has a lentre faee ( uhic 
lattice, while below that r.ingi it mnstallises in the emlre- body cubic 
lattice*, '^('opj)cr, manganese sreel, and 25 per cent, nickel '.iecl all have 
the centre face cnbu: lattice i* . the leature of their crystal structure at 
« 

’ Pio<. Rtnal »Sd. / t’/v, Vol. xlix., pp. j 17-350. 

' I- urmuty Let tin njri, Cktiuu.'il 

'yvttr hut. Metaii., igiS, ,\r». a, pj\ S:j Sb. 

^ Trims ! a atiay S.'iietv, ny^^. VmI. v.iii., Pail I., )>p. 112-1 iS. 

Protessy.- Porter, Tian\. Tiiradin t^oiiity^ 1922. Vol. xviii., Part I., p. ii.S. 
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rr)om Icmperaturcs. Seeing that profierlies such as tenacity and ductility 
depend on cry'sfal structure, aiuf tliat crystal structure, certainly in some 
^netals and [)robably in all# Avill vary above and below some critical 
teijif>erature which will be different for each rnetal, the futility of con- 
fininjjf the comparison to data f*olIe*('ted at one temperature becomes 
ap[)arent. ^ 

There is, however, another point that ref|uires c'onsideration, and that is 
the i?ifliience ^f temperature on the tenacity and ductility of metals within 
tMi' ranp(‘ ol temperature over whieh the same crystal structure [)revails. 
i\\'itliin this parti('iilar ran^e of tempeiatiire wt' must primarily be dealing 
with the stnaigth of l!ie < enu‘nting material that holds the crystals of the 
solid metal together, and thereffue determines its tenacity; an<l si*(Oiully 
with the ability (»f the er\stal to uialergo plastic deformation. This influ- 
ence f>f temperaturt' is \t r\ fmifouiul at tlie lower ranges of temperature. 
Metals rUielile at rooin teiujuiat uies lose their ductility and b(‘conie 
endtnved with great tenacity at l<nv temperatures. Sonu* preser\e their 
Jrluetility to very 1<»\V tempta.it ures. Most ol ihtjse changes are reversible, 
hut it is possible ilial some are irreversitile. Our knowledge of the influence* 
(){ struct uie, using that word in its widest sense*, on the strength of metals 
is veiy fragmenlar\. Our imnluxls ol me4isuring that strc*ngth, once we 
have pissi*il outside the range of elastieii), have lu'en, and very jusll), the 
sflhjee i of severe criticism. 

'J’he information which w'ouM probably have the most immediate value 
would be that re-Laing to crvstal siiucture and slivngtli ol the pure metals 
a the* widest po'.sihle range- of temperature, and the most impc^rtaiit W'ould 
j)rohal)1v be ill '.t de termined at low tv‘mperatuies. 'The nu^st promising 
nietlu)«l ol dele imining tin. strength would be the slre.is-strain tliagram 
<'aiTied on to rupture at s«)me definite aae of strainip.'i:, the time interval 
being kept as shoit as po',sible, with the‘o|Ui<al ie<*oider of Dalby.' The 
eom[)lete strt‘s^ ^lrai^ diagram obtaineel with this app.ir*aus would giv’c us 
tile re vpiired data to enable us tf) evalu lU the* vliverse properties we mnv in- 
ci'ide iitKler rile word strength. \Vlu n oiu knowleilge of the low u injiera- 
U ’ • relationships i.U' been exte'iuieel and the inanv ga{p in our knowledge 
oi tm ‘‘hange oi‘ piojK it:es ami sirueture* have been lilU'd. we shall he able lo 
undertak.., witli some ehanee of suecoss, a stud) of suc'h rehaionsliifis as a 
periodic function of the alomii' number.-s of tlie metals. 

' /V//i. Tuvis, Roy So A. 


pje 1 i7'ijS. 



DJSCUSSIOX (K\ - IXDUSTRJAL METHODS OF JJQUL- 
FACTIOX AND PRACTICAL APPLICATIOXS OF 
]X)\V TEMJ^FRA Tl RESP 


Mr. C. R. Darlinjr (iV^ww/ZAviv/fv/) : Anion;^M (lc\ ici-^ iur il»c 

nu'asurfiiu'nt of hiw tL-in[H*ialuri-s ili»‘ forni-niiiin of a iliiTinal junction 
coui)Ic(l In a suit.iblL in(licaJ»)r is apt It) bo nxorInnkocJ. Sawn- wmv:> a^t), 
ulion oUi^a^otl upt)n iho dolorminalinn af ibo conL^oalin^ points ni certain 
oils and other Injim's, I had constriictod tlio instrument no\s shown, which 
consists oi a llt^xiblo loiiplc ol IIt)skins a/lu\s, and a j)t>rt.iblc indi(”Lt(»r 
of the [)iNOled, mo\ in^-iaul t\pe. ( '»>rrection loi changes in the temfieia*.^' 
lure ol the atiiio^pherit juiution may lu- nuule l)y adjiistiriL; the pointer so 
lliat its jiosition on the scale t oincides with the readiiiLi ot a niercur\ 
lht;rmonieler insetted in tlie lul ol the inditatoi. i'he st ak was calibratetl 
at tlie National I'h\snal [.aborator). thi lowest reading btiiifi -■ 200' ( 
and the apparatus ])ro\ed (juile satisfaclors in use. its aiKantap's o\er 
a j)entane thermometer wort* that it respondetl more (jtiiekly to chanj;es 
in tempi niture, .ind t'ould housed in iiKtal \essi b and enclosuie'' undei 
conditions m whit'h the reailin^s ol a pentane therrnomeifr would not 
havi been \isible. A recent che< k of iht' calibiation at tlie temperatuie 
ol solid ivirbon dioxide sliowed that the uistrLimiiU htid maintained its 
accur.ic). f rom this evperieme, I siyagest th.it the tlvrmo-eicctric method 
of measiirine low temjuTatiires ma\ witli adviini.iLU' hi applied in man\ 
eases where other methods are nmv in Use. 

.As a means of determining tlie ti mp«. raturjs oj the dil’fi n nt parts oi a 
large cold store, the resistance thermoniet*, 1 is the best at f)iesent a\ail.ible. 
When a number of those are i)iought to a swiichboaid, and arr.mged so a^ 
to b(' 1 ipable of {‘oniiection to a common indicaioi, much lare is needed 
in the choice ol projiei m.iterials if goixl lesuhs aie to !)e secured. Ke- 
eenll). whin going thiougii a large loid store in London operated by 
aiiimoni.) relrigerators, I observed that the s\\ itohl)oard was ioiated in a 
small office in the engine room, in an almospiieie smelling |)i iia j)tibl\ o( 
ammonia. J'he fittings on the itetiboard, being eon.stjucted of biass 
lightiv nickel pitted, showed M*ry niaikeil eoriosion, and the instrument 
was out of action. As an iie tali.ilioii f)f this kind is e.\|)eMsi\ c, e\erv care 
should be taken t > a\oid misiakes of this kinri, whiili tend to bring dis- 
credit on a \ery usi-lul method of mcasur ng these temperatures, and ser\e 
to prevent its more extensive use. » 

Dr. J. A. Marker: Mr. .Mima} h.is gi\en us a gr<*al deal of informa- 
tion iii^i very quiet \\a\. I!e is not a perstin who is easily persuaded to 
talk ai)oiil thing.s, but 1 think he knows more ih, in an\ jierson in the world 
about^the developim nl of tin* '‘.wgeii indu.stry. 1 was Tioping that we 
shoulfl ha\e had another equally inien-siing industrial authority on oxygen 
with us, .Mr. Pria-, i’fe.sident of the Union ( arl)ide (!o. of America, who is 
at present in J^ondon, f)ut unfortunaii-ly he was not able to be present. 

'I’lie author has told us one 01 wo vei) i'rqjortant things. AVe all know 
liOA, 111 tl»e ordinar) liquefaction of air, (’laude ajiplied Lord Rayleigh’s 
sugge.^ion and u.sed an exfiansion engine. Mr. Miiirav has told iis some- 
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thin<^ Ncr)' inij>orlant about ibis, *iik) 1 am ablt* to orulorNC (‘nlircly from 
^\\ own c\])(*ncn<'i' and luunvlodj;t* what hr says. Sonu- low months ago 
w'liori T was disoussing the roI.fL..t‘ advantagos ol Cdaudo and Linde plants, 
Mi» Aliirray said tlial tiu- um; of the oxpansion engine w'as a “lalking- 
]if»int ’’ in favour of tlu' Claude process. 1 think dial statement sums ii[) 
the situatioi# lucauso since that time 1 iuivi* visited lour or live tliflercnl 
plants W'lierc expansion engitu's are in use ami in almost every insl.mce I 
noticed that the eiUTg) reco\ered is tiftned into a resistance (“(»il and is 
doing no good tit all, or at best is onl\ warming the room. It is //t‘ 7 *tr 
•used as it is ligured in the text -books, and turned into the line to diminish 
llie ])o\vcr recjuiremcnts in the way tiial theoietii'al people talk .ihout. 

Mr. iMuria\ finished up with a st.ilement about the industrial U'-e.s ol 
«»\>gen, and lort'sliadoweil sonic uses which have not >ct materialised. 
It is dangerous to prophec\, but 1 will nevertheless venture to .say one 
thing. 'J'he last twi'iity \eai^ ri this ccnluiy may be said to have been 
Jlie perioil of the fixation of nitrogi'ii ; the m'xl twenlv \ears will in 

view h(‘ .i peiiod in whicli the greatest industrial advamv he in 
the .ipplication of owgcn to industrial problems. J ha\c good itMson 
loi this view, aiul 1 lliink Afr. :Vkirray is right when he savs tlial tlu*re aie 
mativ things loresiiadowed, ot which we tlo ncil yet realise the possibilities. 

^ Dr, W. M, Travers .s.nd he would like to .sav a woid about the assi.st- 
an< i.‘ Mr. Murrav had given him in his earlv work on the liipiefaCjon oi 
gas»’.s. II is firm was '.hen lirin's tCygen ( ‘ompany, and it was pleasing 
to lusir of the enormous dcvclojimcnts vvliieh had taken place since those 
d.'\s. We m.iy antii'ipale even more extensiv'e developments of the oxvgen 
industry, for cheapening of tlie cost of o\\gen must !<‘ad to tiu* direct 
metluxl foi eonipleuly gasifving coal, which is llu* goal ot' all gas teeh- 
lU'logists, 

Mr. H. Brier: I should like to say .i few wools on Mr. John.s’ 
marks u iih r».*g.iid ft* tlie use of <*\vg<.*ii f*)r blast furnaet‘s, etc., for 1 
tl’.inis vou wt*uld be inteiested to knt»w' the results of an experiment wliieli 
w 's iiuule about ^cSoo with .1 siii.dl Jtesseiiier con'vrttT in (dasgow. 

Oxygen w.is tiu ri introduced in ililferent [u-n eniages inlt* the air 
blast. \f no time was an\ great f|uaniitv of oxvgi fi Used, but the results 
wen* most disastioiis. Aftei a veia sliort time tlu' tuvoies and bottom 
oi the ('onuTter were t'lHiMmied and blew fuit, and those standing bv 
\eiv nalurallv stood awav Irom tlie eonveiler expei'ting the charge to 
roll(»w, but oiilv a moderate flow of liijuid e.uiie out into the bottom ol 
the flit, amt tiiis was ft»und to be the liipfal formed by tlu* iiieltifig of 
the Iiiveies and lining, all eoml»usiible metal having di.sappeared leaving 
(*nly a black skull in the top of llie converter. 

An) evneiiiiieiu of tliis kind will reiiuin* t(^ he very earefullv niatle, 
so that tlu* eniiehing is not too drastic in its ai tion upon combustible 
material. 

Dr. E. B. Maxted ; \V'ith re.speet n* the running ol water-gas furnaces 
with oxvgenaled air, I fully eiidoi.sc the remarks ol the last syie.fker as to 
what happeiiM^ T’hc oxNgen is iisiiall) mixed with steam or witli a^liliituig 
iigenl, but in spite of this, the lendenev is toi the fire bars to buyi awa) 
rapidly. It is exlremel) diflii ult to moderate th^ action of the oxygen 
even by tliluling it with sti:ain. 

With regard to the geiu'ral ([iie.stion of llie liquefaction and .sejviration 
of tlu* permanent gases ilu-ie aie, {H*rha])s, one or lv\o points (d interest 
liiat may be touclied on. 'fhi' first point relates to tlu- ('oniplele sejxirii- 
tion of air into nitrogen anti oxygen. Theoretically, the curve eoiinecling 
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Ihc vapour pressure of a mixture of niUogen and oxygen with the com- 
position of the mixture is such that a separation into pure nitrogen on the 
one hand and pure oxygen on the other slioiild he possible. As a matter 
of fact, in most plants, (‘ither pure nitrogen or pure oxygen is ywotiu^ed 
but not till' two gases simultaneously, and there would apjiear to be an 
opening for a ])lant in which each of the gases is produced in a state of 
suiricient purity to be usixl lechnic^illy. In most (‘ases, both the nitrogen 
and till' oxygen havi* to be substantially pure before they are usable. In 
the majority of plants, according to present practice, either the ont; or the 
other gas is run to waste, and it is evident that some modification of the’ 
system is re([uired. 

My jioint relates to the drying ol the gases. Mr. Murray in his paper 
referred to the two methods of drying the air or other gas which is lieing 
separated, either by ('hemical absorption, /.c., by means of chemical drying 
agents, or by refrigeration. If a jiroi'ess of lefrigeralion is emyiloyed, it is 
extremely interesting to notiee that tlie form in which the moisture eomes 
down depends on the temperature gyudieni, on the li'mperatiire itself, and 
on other conditions. The moisture may come down eilhei as a solid co- 
herent cake of ice, or as coherent strands which graduall) lengthen ; or 
again, as a mass of mobile iiv crystals which are easily bltiwn by the gas 
current into the filter. Of course, this last lorrii is the one which is ]).r- 
ticularly desiralile il the blocking of the iliying tube is to be prevenli'd. 

The final point I wish to touch on is the necessity, or the desirability 
at any rate from the general slandjioini, for the publii'iilion oi s)stematie 
ivork on the mechanism of heat exchange. In most cases when we yiut 
in a heat exi'liangiT we guess the area from yirevious experience, 'fhere 
exi.st at the present time \cry tew published data relating to tlx- actual rate 
of transler ol luxit between two gasc'^ at dilfiaenl teinjieralUTes stpaiated 
by metallii' sui faces. Ol course, it i.^ not jx^-^ible to e.ilculate this r.ite of 
exchange from considerations based on conduci'vit\ .ind visi'osity, because 
of the complii'ated nature of the motion of the gas jurric les and, furtlu r, 
because of thi* formation, yxirtieularly at low tenipeiaiures, on the exchange 
surface ol a peculiarly sluggi.sh film ol gas wliicli hinders the cxchangi 
and which is very dilfii'ult to att.ii k b\ turbulence of the remainder ol llie 
gas. Jn Jiu ra*>e, J < eilainly think that a very inijiortant field exists for 
physical research in tile general iiu-eluinisiii of heat evehange, and 1 should 
like to see more data published on this subjei't. 

It is parfii'iilarly ayipropriate that at a discussion of this sort we should 
have yiayiers from the great cryogenic laboralor) at Ia*\(]en, whose work 
w’e .'ill know so well, and also fmm M. ('laiide, who has yirobably iUmk- more 
tlian any other man ti^ further the technical production of cold and the 
technical seyiaration of the so-called jierinani nt gases. 

Professor C. F. Jenkin : iMr. (iriffiths stated ihatfihe ellTicieney of 
the refrigerating yilanls was extraordinarily low ; 1 think he said about \\ 
yier cent, 1 should like to a^k Mr. Murray if he has ever drawn uj) — J have 
no doubt that he has — a heat balance for the laiger yilants. (Certainly an 
elticicnif^' of that sort ought to l>e able to be i-normously inf^. roved, The 
first stqf), obviously, is to know' how bad it really is. I'he last syieaker has 
mentioned the transfer of heat from metal siiifaees to gases. 1 do not know 
whether he it aware of a great deal of valuable reseaich work recently done 
at the N.uional l^hysical Lalioralory in eonnis:tion with the transfiT of heal 
from ('old chamber walls to llie air. A comydi te theory of the transfer of 
heat fioni •■'uifaces to the air has been woiked out. 1 do not think that 
the conditions under w'hich these e\y)erimenls were made are I'omparable 
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with tliosc for Hilerdianj^ers, biif 1 think possibly tluy may form a founcla- 
lion of a theory for interchar^ers. 

Mr* A. Q. Tarrant: 1 should like to ask ^^r. (iriffitlis a question. 
'I*lio.se of us who have see?i the I'ffeet f)f a bullet on a eompressed gas 
cylinder will realise the enormous advantage of having ga^ in a somewhat 
less dangefoiis form. 1 should imagine the pilot of a)i .iero[)lane will want 
his apparatiu as autotnatic as possible, J)ut as far as J f:an make out, about 
200 calories per minute will l>e rerjiiired to warm the gas up to a breath- 
able tempiTature. ('an Mr. (Triffiths tell us how that can be aulf)matically 
suj)j)lied ? 

Mr. L. D. Ooldsmith : J .should like to ask a tpiesiion of Mr. 
(Triffiths with regard U> the use of liquid f>\vgt'n for aeronauti('aI j)uqiose.s. 
W'as the lirpiid he used actually owgeii, or was it the mixture of 50 
pf‘r cent, nitrogen and 50 per e(‘nl. oxygt'ti whi«‘h the ordinary licpiefier 
gives? As apparently no T^'ctifier was used, tin li<jiiid was presuniahly 
tin’s mixture. 

^ Mr. Ed^ar A. (jriffiths: \U- T arrant n lers to tin* question of 
supplying iIk heal m(es>arv \a])orise ihi‘ (i(]iii<l f»x\gi‘n. 'I'he 
vaporiscTs are yirovi<le(l with •a large area for absorbing heat from the 
almr»sphere and although the siirfatv inaN hee nme frr>sled over the heat 
#nter< flange is not ayipo'eiahlv diminisheil. 

As slated })v Mr. (-loldsmith the usual liquelier only prodiuvs l(iw 
pereenliige oxygen, but the liqia tiers used for aerof)autieal work \\< re 
provided witli rec lilit'is. J’he owgen drawn off \arietl from 75 to y6 jut 
])urity with different types of [dant. Nilrogefi would he mere 
suyicrlluous w< ight and bulk in this e;)se. 

'J’he C'hairmai/s suggestion ol subdividing the int* rspa{'e l)elv\r (*n the 
two walls (<f a vaiaium \essel iiiNtibes a yiractieal diffumily inasnmt'h as a 
good x.iemim is not readilv (ditainahle since flu' packing ttmds to retain a 
l.irg.* xoii'u'e of gas which is orfly released very sl<n\!\. 

Or. Ezer Griffiths : An a< eount of the work otj he.it transfer icferred 
•o by riofe.ssor b nkin will be found in Special K. poit No. (; of the 
r.iigbveering (!<»mnMttee of the food Jnxesiigalion Hoard puhlislu-d by llu' 
Matioi. Office, it is entitled **Kepoii on Heal '('ransniission liy Radia- 
tion and ( 'oineclicui." 

The Chairman (Mr. James Swinburne): .Mr. ICdgar (Trii’fhhs 
h.'is referred to tlu' (jiustion of making ;i double shcMthing to ehi-ck 
radiation b\- making it m two steps. Jfiiring the war i suggesli-d that it 
might be .1 good Thing to fill in ihi* interstic es with something like very 
fine* slag wool. I do not know why it should not work, 'riic* idea was not 
used, blit J wonder if it is ])os*>ible t<) gain more* that way than you would 
lose l)v ecjiidiic lion. Mr. ( -Iriffilhs also meiilioned c-ooling by external work. 
In iqio J lead a piiper before thi.s .Soc'iety • on licpiefying aii and gase.s, 
and 1 rememlKT ])oiiuing out that the use of an uiginc* exyianding was, 
lheoi(‘ticiil]y, a inistake. 1 w.is dealing then- with sepan.ling gases and not 
delivering liejuids. ] do not remember what my argument was or wlicther 
I was right’^r wrong, but it looks as if the external work eiigiil^ did not 
work in yiraelic'e, and it mav hi that J was right and that it is not really 
right theoretically. Dr. (hiffiths liowever was using U for liquifying and 
not for turning out sep.iratecl gase.s, and it is not at .ill the* s;ime jinibleiii. 
In tiie siime jiapci 1 reiiiemher pointing out the. advantage of using oxygen 
foi 'olast furnaces. Nothii g iKqipened, and no om* e\er tried h as far as I 


^ Trims. J'arail. So,., VI., ar.;. 
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know, until rirontlx. AVr Ikim* now lioanl'or trials and a i;(K)c1 (k-al duponds 
upon tlio cost, .As la; as 1 could sec in dios^- d.i\s, the cost of the ox)i>;i‘n* 
t'anif out at ahoul i'-. a ton. Of course, that was doing it on a l.irge scale 
f(tr blast biriKici's. In t oninieo'e oni‘ would not i‘xpcct the <‘Osl to be as 
low as that, but neither wouhl one e\'p4‘(*t it to come out at sometliing 
mole than a is. a lb. t)r \\hate\er the figure is that has been mchilioncd to- 
night. 'I’hert' must be a laige margin. , 

Mr. Brier; 'rhe dil^icult^ in using owgen in tlie blast rurnace is not 
l.he (juestion of pi ice or the cost of tlu‘ owgen. It is that you get a 
< onsumption ol iikta! itself b\ means of the oxygen. \\c foitml all the 
iiu lal disat>])earcd. 

The Chairman ; I wa-. cMining to liiat. 'The first point natuiall\ is liu' 
p'ict. (la'ler tii*' tiiM to advo<‘ate the renKnal of watei \apoin in 
blast lunijces. 'i'he blast furn.ue is \ery near the maigin ol not working 
wt‘ll and tile w.itei \.ipoUi interferes. 'I'he ‘proposal was not to use eii 
w'ith a whole h)t of owgen so that \ou (-annot gel the lirebricks to stand 
up in the' fmnaci-, but merel\ to ])iil a little exiia 4 )\geii in, wliich can bi 
got as h.is been sugge-ted not b\ separating com)>let(*l\ but with vi:”) 
impcrtect .separation, jusi i-nough to make* the temperature right. W h.ii 
4 »ne wants is U) get the tempeiatiuv riglit in blast lurnat'i s, to pn \cni it 
being lowered lielow the normal when tlu n- is too miK'h moisture. \ er». 
like!) tiiere would Ik no fiinuus* left at all if \ou blow in ,i wliole lot o! 
4 )wgen. 

J)i. Maxted has asked about the diflieiiltv ol two pure gases. 'J’o liirn 
out two gii.ses i> a ([Ueslion ol Iraetionisation and \oii (‘an alwa\s get .1 
lU.iLbine tliat w’ill tia« tionise tit one end anti turn out a mixture at ilie otliei. 
but J do not see an\ conceivable way of gi‘ttmg two [mrt gti.ses unless with 
an mfmlle amount ot lr.ieiionis.,tion, ‘I’lie «nilv w.i\ wiuild be to rejei I tin. 
middle j>(*rlion of tiu mixture and s<t lia\e two piiu inds. 1 slicaiid think 
iheie Is no diflicult', in making sui b a maelnne, hiii 1 siu)uld not lliink vou 
would possilily gel two (‘omj>lete separ.Jlion'* witluail ti iremendousK 
eliil)oraie m i('hine. With legard to interel'angeis, la.-al titiiisiiiission inside 
a boilei lube !• muc'h the same sort o( thing and J think a gootl dctd 
of work w.is d-me by Piote-'sor Xi< holson ol Maneiie'-tei, but 1 cannot 
remember wi.tii.ci i‘, is the s(trt oj work tl1.1i l)t, Maxted wants in ibis 
pariii’ulai ej^i. 

Mr Cusmo John;), in upi\ n* the discussion »'n iiis p.iper, wroti thai 
Mr. Swinburne .i])pe.ar« d to !ia\e e.Mei'ti’ii 1 \ d'-.dl with tin objcf lions laiscd, 
.An\ I'hanges in the i.-wgi-n i on* t nlrali«iM .jf die tiir used for uu ialluigii al 
juirpo'.e'. would haw to b .n.a!« with gre.il wiudon. II tin oxxgeii in tin 
air Used were inereasi t b\ 5 pv 1 wnl. it would iiu.-n thal ii had been mised 
from the original j: ,.ii < t nl. to 25 jiei eenl. J’his is an meivasi' of no 
less than 25 j)er lent, on die origind ]>» re« nlagi.. in the experiment 

referred tr> b\ Mr. Uiui iIm increase was poibabh niiM.h moie. It is often 

overlookiM tlial it ;> ilk iinjn\ke in the partial pres.sun ot the oxygen thal 
is till real!) significant laelo» in the use of owg' ii-fin ii heil aii. I'lu; 
a\ailabli* cvidern c stiongl^ support-, th*- \iew that Mtria'.ioft? in the ( 011- 
centraliiu:, or ))artKd piessun , 01 die oxigeJi would .dlei the older in which 
tlu; metals and met.dl fids ne oxidisi d in the besseiiicr proi ess (or basic 
steel m.iking. Ihlulion willi >ieai.i would la* UiUic* essarv in lurnaees ii air 
enriched w'llh oxygei* to iheiejunec* and pre-dcK riiiined proportion had 
been used. This bn.uL's u- i>ai k to the main argument ot the pajier. W'e 

don’t repuirc pmv o\ygt*n ; we want .1 pioeess ilul will enrich the air used 

with just the percentage »-e‘iniied and this increased percentage will 
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]>rol)al)ly Ixs for iiiost opcTatUMis, a coniparalivcK .small one. 

i)iK‘ nalurally looks lo some method of ivfrij2;eralif)n to aci’onipiisli ihi.s, but 
ii tluMO is no iiieth<i(l ol rcirijJeratioji with tiu- re‘(|uire<l thermal eiyicieiv)' 
*;\;fllaliK‘, then we nuisl re\ert to .some other jwocess. 

Dr. Richard Linde {rtnnmutiicaiiui from ATufiicJi ; Irarisiaied) : I’he 
i'.iraday So<?iely has invited me to send a eontribiitioii to this disc'ussion, 
t)Ul oniy the pipers Iw Mr. Murr.w and by Mr. Claude call for I’omnients 
on my {)arl. In limitini^ myself lo lhe*fo?lo\vin^ lemark.s, 1 am anxious 
to express my thanks to the I'araday Sov iet) loi their courtesy. 

• Mr. Murray's ver\ apposite historical oulline of the development 
of the ox>fien and nilRjgeii indu.stries hardh requires further remarks. 
Mr. Murra\ .'ilales tiiat, *ic(“oidin^i» to his experience, plants on tl)e 
lande .sy.stefii do not work uith as favouiable an energy consumption 
as plants on the Claude s\.sicm : he adds, how»‘Vcr, that he wa.s, in 
making this statement, entirely rel\ iiig on his own observations. 1 cannot, 
i»n this occasion, enter into det.ul.s, but J would refer to the paper 1 
published in the /ritschriff ties I 'ariti^s /A// Avr/zer of December 
24th, 1921, pages T35<i to “ Ceseilschaft liir fande’s 

I'asm.isclnfun/’ whi<’h sup[)hcs«installati<)ns on the Linde system, guar- 
enlees in plants for roo m.‘* pt*r hour a p(n\er consuinprion not exceeding 
!« h.]j. j>er 111 .*' of oxvgen at atn'Os[>heric pressure (3*4 JkU.l*. per 100 
< ul'ie fei't). In larger units the pow'T consumption goes down to 1 ’o li.p. 
lor the supply of an oxygen of gyjHri'enl. 'I’lu* (.ie.sellsc'halt fur Ja'nde's 
Kisinaschuuai has erected <i plant of three unil.s, each of hoo m.^ of 
oxvgui per houi, which has permanently been working at this power 
consumption. 

■J'hc jiapci jiist riuoted aCo gave some figures <'oF>e(‘rning the rei-ent 
<l.\(lopment o\ the oxygen and nitrogen indiMries in (iermany. Those 
(i'au:es have .iln ady been exeetided. At pricseiit nioie than 2,500,000 m.'* 
^near^ j 00,000,000 cubic* l«:c*t) of oxygen are [lut mion the tTerman 
n I'-k', I <‘V'-r; rncMith, in slec'l eylin(ler.s. In addition, a large* number 

ffiguieering works and shipbuilding wliarfs make ‘heir own o.x)gen 
for .e.i'Fgenous nieiai working: that o\)gen prodm tion ma\ be estimated 
a! i,ooi..ooo in.'* j>er month. finally the ('hemieai indiistr) requires 
x<r\ '-onsiileriible anuumt.s of oxygen whicli the works likewise generate 
i'! their own plants ; this owgen will .also exc'eed 1,000,000 m.^ j)er 
montii. 'I’hii.s Gerni inv i.'» at |)ie.>enl p’lodiK’iijg at least 50,000,000 ni.’’ 
(1,750,000,000 eubic fi et) ol ox\gen per >eai. 

rii '■ .imouni ol nitrogen imHluced bv Ihe li(|Uc‘fa('tion of air and utilised 
almost e\('lusivi*j) for the manufacture of lerlilisris i> considt‘rabl\ larger. 

I esiimau tile annua! Cerman demand lor nitrogen at 300,000,000 m.'* 
(more than 10,000,000,000 c'ubic fi‘et). 

With respe( t i(j Mr. (!laudes jjaper 1 bc*g to point oiP that the manu- 
facture (jf h\drogen from water ga.s by fmc tional c onduiisalicFn was practised 
in (lerinany cui a ver\' large scale already ten )ears ago, in installa- 
li<»ns due to the (.lesellsc'.haft fiir Linde's lOismasehinen. 'I'he, fimmoiiia 
works of the 1 'ladis<’he Anilin-und .Soda fabrik at ()p[)au, for instaitce, kc*pt 
3 units each for gencaaling 1000 m.'' of h\drogen (in addition lo 34^ in.'* of 
nitrogcMi) in operaticai for several years; work in U^is installation was dis- 
eontinuecl only because the Hadi.sehe had meanwliile developed the purely 
chemical h5(lrog< ;i proce.ss, mentioned by Mr. ('laude, wnich jiroved 
inttcr for their purpose-. 'I’hcre are other hydrogen plants on the 
Linde system in operation, cyi,'. in fat-hardening works in Holland, ll is 
true that the* Jande company d(x*s not prcjdiiee the low lemjXTalures, wliidr 
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the preparation of pure hydrogen necessitates, witit tlie aid of an expansion 
cylinder : they do this with the help of a special air litjucfiU'tion plant whicli, 
in the ease of the lladische Anilin-uiicl Soda fabrik, also supplied the 
nitrogen retjuired for the ammonia synthesis. As regards iht* energy (Con- 
sumption there is no noteworthy ditrerence between the (Claude and the 
Linde hydrogen proc'esses. W’e havi* to consider that, on* the Claude 
system, the hydrogc^n has first to be e\i)anded in the engine .and then to be 
('ompressed again for the ammonia synthesis, whilst on the lande system 
the hydrogen leave's the apparatus at a pressure of about 20 atmospherics, 
the pressure under whic'h the water gas is decompi^sed. At any rah* 
1000 m.'* of hvdrogen and 350 of nitrogen wert* being i)roduced in the 
period mentioned at Oppau by an expenditure of less than goo h.p. hours. 
On the (Claude system, the (‘om])ression of the water gas to 20 atnios., and 
the nrompression of the hydrogen to 20 atmos., would ri-ijuire about 650 
h.p. hours, and the production of 350 m.*' of*nitrogt‘n lu'arly 100 h.j). hours. 
A small, but not negligible porti(jn of the nitrogen has further to be eoni- 
pressed to the piessiire of the water ^as, for the lubrication ot the expaiisfon 
(cylinder. 'That will absorb a cerl.iin amount of eiierg), and the fmal 
difference in power consumption will ci*rt^inly 1,‘e small. 

The high yield of hvdrogen whii'h Mr. Claude claims for his process 
has also been attained in Linde installations. .At ()j)pau the vi^ld 
represented about 97 per I'ent. of the h\diogen eniering iht' separator. 
Again the Ciirbon monoxide which is formed in the water gas process 
is also being utilised for ]jower generation in lhi‘ Linde installations. 

1 do not dispute that Mr. (.'laude has solved in a very elegant manner 
the problem, which is not simfde in itself, of tooling the hvdrogen down 
to less than - 200' C. In means ot an e\j)aMsion evhrider, without 
producing too low a temperature in the cylinder iisCf. liul this solution 
has some disadvantages, 'thus then- is doublle.ss a certain danger that 
a w’atcr hammer efict'l max oeeiir in the expansion exhnder when the 
cylinder must contain .some li*|ucried nitrogv-n. further, the hydrogen is 
again (’ontaminaled with niliogen, which is permissible oriK in synllielie 
ammonia processes. \ et exen in that instun e it seems doul)tlul whf'lhei 
jirogrcss is adiitved b\ ei'feeling the production ol the cold vxanted in the 
a{)paratus for liu; water-gas (lecomposilion by expanding the hydrogen, 
instead uf making the jilant for tiu [iroduetion of the nitrogen, which 
is indisj)ensa})le anxhow, woik at :• -oniewhat ua''..jsed mtensitv so as i-) 
obtain some li(|iiiil nitrogen, as is done in plants on ihr l.inde sxstem. 

Mr. K. S. Murray: Jn the eourst ot ihi^ di^i u^sion some s])(:akrrs 
have been rither seveie in thei, comments on \ laucle's i \j)ansion engine*. 
It is ipiile nui. th.o in sniall jilanl^ the ene:g\ reeoxtred llnoiigh the 
expansion engine ^ usually di.ssipated in a resistance coil or something rjf 
the kind, but fhere is no reason why it should not be ii.sed for such a pur- 
pose as charging storage batteries, and that is not inlreijuenllv done, 
fracticahy all our t)!.ints are operated in large cities where electric ])o\ver 
is cheap enough to make the ’fcoviTv of energx from the expansion engine 
unimp^lant, but xvhen that is not the case, and mc»re. ^pceiallx where 
some ijther form of jriime nmlnc power lor the jriant ha.', to be crnpli^yed, 
as in country district^ t!i -n undoubtedly the energx developed by tin* 
exjjansion engine can be m ide use of in a xarii^ty of ways. J was, iin- 
fortunately, not abli- to bi ])resent .*t the nn.etiiig xvhen Mr. (iriffillis read 
his n<.])cr. and 1 have onl> seen an ahstracl ol it. ] am not, Iherefori*, clear 
as to what the j)er cent, eflieiency mentioned by Iholessor Jenkin 
refir.s. If it is the ratio of the iheoreliial j^ower reijuired to the actual 



DISCUSSION 


271 


power consume^ in producing o^jygen by the liquid air process, the result 
pbtaincd by Mr. (iriffiths is very poor. It is true that the best liquid air 
plants for the production of oxygen are fiir from theoretical y)erfection, but, 
IwlSed on the figures which I ha\e given in my paper for the plant produc- 
ing 4000 cubic feet of oxygen per liour, 1 think the efficiency w'ill be found 
to be alx)iit 6 per cent. Some 6 kw. arc recovered by the expansion 
engine, and i^ tliis energy were utilised in the system, the efficiency would 
be slightly higher. W’ith the large pftnts to which 1 refer in ni)' paper, 
these figures would lx; nearly doubled. 

I gather from the summary 1 have seen of Mr. Griffiths’ paper tliat he 
is sceptic'al as to the value of the expansion engine. His comparisons, 
however, appear to be based on small plants for producing liquid onl), and 
that of a h)W oxygen content. These are the (‘onditions wlu-re an expansion 
engine shows up to least advantage. In practice the larger the plant the 
nioni effieient tlu‘ cxf»ansi<jn» engine .s\slem becomes. Furthermore, the 
low initial pressure of the ('laude apparatus, and other <‘Oiitingi‘nt advantages 
to which 1 refer in my papi‘r, are irnj)jrtant points which stand to^thc credit 
of the expansion engine. 

J'here is, no doubt, scop® for further iinproveinent in the thermal 
efficiency of the li(|uid air im lliod of prodii<*ing both oxygen and nitrogen, 
1^1(1 the Jeffrics-Norlon prot ess to widen 1 ri*fer has the merit of being an 
effort in tliat directi<ai, but to obtain highei thermal tfficieniy without a 
( oiinlerbalancing lo^s in mec'hanicid efficiency is a difficult problem. To 
filUain a comjiliMe separation of the eoiistituenls of lijjuid air in one 
appavatiis as sugg«'st< (l by Mr. Maxted is an even ui(*ie difficult problem, 
and I agree witli Mi. Swinburne that it will never be eommerci.illy possible 
to si'paiate all \hv oxygen and nitrogen even in a stati^ of eornniercial purity 
in llie same re< tilicalion column. 

The n inarki on my ])ap«*r b\ Dr. Richard lancU- do not ('all for much 
conimciU. The energy consumption for laige jilanls given by him is 
N!t'iii.illy in .igri'ement with the f'lgurt's wliieh 1 give in rny paper, althoiigli 
i'''' plants of mecCuiu capacity Dr. fa’nde claims belter ellicieiK’v than we 
ha\e been able to o’otaln. However, in the absenct' o(‘ more data J am 
not abii to offer aii) useful i riticism. 

.■\s regards iht' qiiantil) of oxygen di.striliuted in cylinders annually in 
(Germany, the estimate of upwards of (100,000, coo <'ubic feet which 1 give 
in the end of my paju r is lu.sed on a figure published b) Dr. Jande him- 
self li'ss lh..n a Near ago, and that gave an annu.il output in cylinders 
throiiglu)iil (.ieniianv of 706,000,000 ('iibic feet. If within a period ol less 
than tw'ebe months the oiilpiil of o.xygen has iiearl) doubled in Germany, 
the fact i. a striking indication of industrial activity in that country. 

The c.miparisoii of the owgen outjmls in \aiioiis eouiUries whii'h ] 
give in my ]uper is Ixiseil on llie actual .sales of tht' gas in cjlinders, and 
not on plant capacities. 1 did not includt* private plaiU-i for the pioduclion 
of oxygen, of w'liii h there is innv a considerable number in this (oiintry. 
Tlie annual output from such plants obviously depends on th^e.xlent to 
which they aW worked, and Dr, Linde’s estimate of output in 4l'.at con- 
nection must be purely conj<*(’l m. -I- • 

Mr. Oeorgres Claude [nwimunitateJ rrj^Iy ; Ir^nsialcd) : 1 Ix g to offer 
a ft.w remarks on some peunts touched upon during tlie di.scussicai. 

Dr. Marker 1ms pointed out that he has, in llic various insi.dlations of gas 
li(]iu*faction w'iiicb utilise ext'a’iial e\]X'insion — and particularly in installations 
using iny apparatus — ne\cr seen that the energy rccinered ser\es for any 
further purpo.se exc ept to drive a dynaiiuj and to heal up rc'sistaiu es. J he 
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ii>«. of a ilMKimo is wiv r(»ii\c'nic‘nl ; \yith tlu- aid of an amy)(‘rt‘nu;U*r 
anti a voltmeter wt' c.in oa^iily walrli tlu* working oi llu* dynanu) and con-^ 
saijUonlly o1 tho oxjxiiision rnginc, and tiuli is important Idr tlio opiTa- 
lion of tin- oxNgo?! r>r nitrogen lifjiierier. It would <vHain!v he eas\ to inaike 
li.c ‘‘iiiient generated do somelfnng more useful than Iwaling the works, 
in spite <if tlie fliietuations of tlu' eleitrie potential which the »‘giilati()!i of 
the apjxiratiis tiiay cause; hut with small apparatus, in which the eiiiMg) 
cusi is small compared to the tot:t^. ( osi of the oxygen, ih.eie is in general 
little iiiduceuunl foi this utilisation. 

( )ne must not conclude, howevci. that in these <‘ondilions the ad\antage of* 
making use of an i‘\]>ansion engiru would vanish. 'I’he main point is indt'Cil 
not that the energ) ot e\|)ansi(ai « an 1 h‘ matle to sup|)l\ pari of tlu; energy 
needed l(U the cc.mpression ; for t>uing to the low temperaturi' at wliich tiu' 
t'Ugine works and to the low elti« iency of the apparatus, this cneigy j)urtion 
will only he small, 'i'lu ehiel oliject of the intervention ot the e\[)ansion 
engine is that the meehanii al eneig\ whu li it lihtaates hits its exact eountei' 
part in tlu- supj)iemenl of eoUI [)rotlu(ed. / • 

.-Ml the same I agrei, of course,*wilh Dr. Ilaiker that we shouhl not 
waste this energy in p(»werful pl.ints when khe price of tlu“ oxygen must he 
ktptlow. L sh<»uhl say in this <‘onne(lion, that in the pre-wai installation 
:il (tugree, in Ihlgium, for enriching hlast-furnaci* air with oxygen, v^c 
sent tile eiiergx of the expansion ot tlie tiiiet* a])}>;iratus Used, each of 200 m.^ 

owgen per hour, diivcth hat k to the piillex of the compressors. Jn a 
modified way this arrangenunt will he .idopu-d in the two apjxnatus o( 
500 m.'* each, whieii we art* now pulling u|> at Jit>ulogne-sur-St*me. 

rinail\, in my new a[)ptiralus tdi the t Mi.ietion of huirogen lioni < ()ke> 
ON ell gas, now planned lor units of 2000 ni.*‘ <jf li\diogen per liour, this 
fiirig) will servt* for ttJinpressing the nitrogen leijuiit'd tor the luhrie,ition. 

I Ffarker will thus sotai he salislitd as to tie (juesium he Icis rai-^d ; I’or 
1 firnii) iielieve with fiiin Inal the ton long deiavetl lime of hig applications 
ol t‘\\gen and hydrogen will soon come, and large-stale appaialus will then 
In iht* rule. 

W ith rt s[)eet to the jusi-meiiliont <1 OuguV plant J should adtl that il 
I'.nse experiments iiatl ntil heen sttjpped hy llie war at their heginning, they 
\w;uM prohsihls ' a\e hetai a sut u-ss. if 1 m.iv judge from the first results, 

J i' !ie\i- I nuiN .issert, though [>reeise figures were not ohl. lined, that such 
insia11aiio"s must pa\ and that lhe\ < tiiild llierefiMc lie leiu'Witl wiilumt 
an\ risk, i wish lliat ihi'. assimmei w'oiild induce sonu* enterprising eom- 
paiiN Ui :e'-ume, .IS sr>(}n as possil>le, expeiimenls Nvliit h will peihajis result 
in a eompli't .■ revuliilion ol the niet.dlurgii al indiisir\. 1 persnnally think 
ln,it tlie iTio-t templing pnanise of this ii-a- of oxNgeiiatt'd .lir wouM he tlie 
^ hsappearaiK e ol the e-mii«ou.s imn strut lures of the lieal inteiehangei-s. 

'J’liere is one finlher remaik It) he made reg.irding this ]«)int. Alllitiijgh 
an f)nly slighth -ow genaled aii is required loi this aj)[)heatit)n, J etaisider 
ti.at il would he .1 mistake to produte rhi.s slighli) -enriched air direell) in 
tile ■^ejiamior. \^'e laid iKiitr make use oi the fat I that wv have hroughl 
the air he treated It) the \er\ low lemperatuie which is required to extract 
.ill the oxygen in .in ahiK).sf pua ^tate, anti we then lediiee tlie oxygen 
p* ir i ntage It) the tlesqed weak t taieeiilralion h) the addilitin t>l air, the 
(».\\gen of Nvhieh will att«j(h itself to the manufactured o\)gen without 
luillier cost. 

rt'gards tlie integral separation ol the ait into ymre o.xygen and pure 
nitrogen, diseus.setl hy Dr. Ma.xted ami h) the Ch.dritian, Mr. Swinhurne, I 
think lliat the jrresence of argon is the greatest ohstaele tt) this separation. 
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The volatilit) of iirjron lies betwi eii those of fjxy^eii and of nitrogen. In 
order to eliniinTili* tlie argon fnim llie one of the two gases whieh we 
^lariii'ularly need to have in*|»iire < ondilion, tliis argon must he driwii 
inV> t hi* second eonstiliii'iit with the aid of a porlio?i of the first gas, and 
that portion will he lost and eonlaniinatt* the other gas. W’e slnuild proxide 
for this arg^n a s[H eiaI exit from the apparatus, inlermiHliate lietwvon those 
for the oxygen and nitrogen. Tliat is what I have been Hying to flo, and 
so has lantle,*and in this way the aig«»n which is produced is now' used 
in large amounts in tin. eleelrie lamp induslrv. lUit we ha\e only sueeeeded 
in recovering a fraction of llu* argon, and the suixess i-. only p.irtial in so 
far as the better separ.ition of oxvgen and nitrogen i.- eonecriied. 

1 (KISS to the I'OLirteous observations contributed by I )r. Linde with 
res|)ei't to the consumption of energ\ in our ies|Hs‘ti\e (jroeesses. 1 ti'.ank 
\lr. Muiray for what he was good enough to sa\ ; 1 acknowledge that the 
figures given b\ Dr. Linde di^not diffei iimeh from those ai liiallv obtained 
in my a()})araUi.s. 1 should ad<!, however, that mon- (»eifei-t rtalisaliori of 
“♦lu- e\t)ansii»n, the recovery ol the eiierg) whieh J have ahe.idy ridened to, 
a better heal interchange and several f>ther details will jirobably t naf)le me 
to e\<‘eed t in.’* ol a j)er ci^il. o\\g<*n in tlu* two plant of 500 m.’’ now 
being lonstrueted for our lioiilogne ])lant. 

regards our lespei tne !)\drogen pro< esse-, I also belii*\e that the 
iTilIi •renee in the energy eonsiimpUon is, in the I’asi* of water g.is, greater 
lh<in Dr. Linde has eali ulaled. 'I’o lomptess Jioo m.*^ of water gas to 20 
.itmo.sphere.s leiiiiiies onl\ .joo li.()., the eom|)ri ssion to 30 almos))lHTes of 
looo m.’* h\<lrogen 190 h.p., .mil tlie maiuifai lure of .^50 in of nitrogi n 
retiuiies 10 ^, h.p.: as leganls the com()ressi()n of the nitrogen wanted ['»r 
lubriiation, J h.i\c said that tin* ex()ansion will easily siii)pl\ that eiurg\. 
i'heu- would tiien i)e a total a little less than 700 »..p. against the <;oo 
h. j). of tile 1 ande pro< ess. 

f sill, aid liki' inoicoMM to repixit that J ha\e ne\ei estimateil Unit t 'c 
•' 111- faeiion of water gas eoiikl i-< onornieally ''land against ifie (iroeess of 
'.le liadisclic Aiiilm I'abrik. 'I'lial lifjiielai lion of water gas has serN ed me 
11.: .ei\ as a [lop.ii.a >! » step in attaining the mm )i nio-e in 1 eresiingli<{iie- 
( jchoii ■ if eoke-M\en gas. I'lieri' the proix-ss of tlie Hadisehe is imjiriir iu 
sinci meth.me is init calaK salile. 1 should add that i havi* nevei b<».n 
lioubled In “ water-hammei efft •' Is, and that the nitrogen (>resi;nt in the 
livdrogen eoiik! not be deleterious m the .s|)<-eial ay)pliealion for thi* ammonia 
sveibesis w’th w’liieh un pioei’ss has been eombiiuai. 
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